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Abstract
The floodplains that grade to the estuaries along the New South Wales coast primarily
record a history of valley aggradation induced by post-glacial sea level rise. However,
post-glacial sea level along this coast has both risen, then fallen, relative to the land
during the Holocene due to isostatic compensation to loading of the ocean basins. Ge-
omorphological and stratigraphic data from the Macdonald and Tuross valleys, which
drain to this coast, are combined with radiocarbon and optically stimulated lumines-
cence dating to examine how the floodplains of these coastal rivers have responded to
such base level changes and also to the variable Holocene climate.
From 9000 to 6000 years BP, as sea level was rising to its Holocene maximum,
aggradation occurred in the alluvial reaches of both the Tuross and Macdonald rivers
but at very different rates. In the Macdonald valley, aggradation occurred at 5.6mm
per year, which greatly exceeded the 0.5 to 0.9mm per year rate of the Tuross valley.
This difference reflects the shoreline transgression into the Tuross valley by rising sea
level, whilst the Macdonald River, on account of its confined valley which was more
conducive to sediment entrapment, was prograding.
When sea level stabilised 6500 years ago, progradation of the Tuross River was ini-
tiated, but continued to occur in the Macdonald valley. The aggradation that formed the
highest and most extensive alluvial surfaces along the two valleys occurred between
6000 and 2000 years ago. The floodplain sediments of this period are comprised of
slightly coarser sand with less silt and clay than the underlying early Holocene de-
posits, and show weak pedogenesis. Aggradation in this interval occurred at 1.2 to
1.9mm per year in the Tuross Valley which was comparable with the 2 to 4mm per
year rate of the Macdonald valley. The fluvial landforms such as the land-tied bars,
ix
xlevees and floodbasins built at this time are the dominant landforms of the present
day valley floors. Aggradation of the alluvial reaches of both rivers was synchronous
with progradation into their estuaries and demonstrates the link between these two
processes.
The alluvial surfaces constructed by each river during the 6000 to 2000 year pe-
riod were abandoned as active floodplains about 2000 years ago. This represented an
important change in floodplain evolution and was accompanied by the construction
of a mid-level bench inset below the abandoned floodplains. The relationship of the
mid-level bench to this abandoned floodplain surface in each case is consistent with
a climate change involving a shift to smaller floods occurring 2000 years ago. Con-
sequently, it is concluded that this was the main reason these high floodplain surfaces
were abandoned. However, subsequent abandonment of the Macdonald River’s mid-
level bench between 600 and 800 years ago, and the formation of a modern floodplain
surface below it, are consistent with a stronger influence of post-highstand base level
fall upon floodplain formation and evolution along this river.
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Chapter 1
Introduction
The rivers east of Australia’s Great Dividing Range have proved to be dynamic el-
ements of the Australian landscape. They flow through a rugged landscape and the
deeply incised gorges at their upper reaches indicate a history of incision into the con-
tinental margin. The rivers lie in sufficiently steep and confining valleys that they gen-
erate high rates of flow energy during floods. The magnitude and occurrence of these
floods are both highly variable on a world scale (Finlayson and McMahon, 1988),
reflecting the more general climatic variability characteristic of the Australian envi-
ronment.
The last episode of the glacial to inter-glacial cycling that has characterised the
Quaternary1 Period appears to have substantially affected weathering and erosion pro-
cesses along the Great Dividing Range, and represents just one element of the ongoing
climate change change which has affected the Australian landscape.
Much progress has been made in understanding how river systems west of the
Great Dividing Range have evolved over the last one hundred thousand years in re-
sponse to these glacial to inter-glacial changes. The general picture that emerges is of
a strong climatic control and in particular a progressive drying, affecting fluvial evo-
lution of these westward flowing rivers (Page et al., 1991; Nanson et al., 1992; Page
et al., 1996).
Recent efforts have been made at comparing the fluvial evolution of the the east-
1The Quaternary Period is the last 1.6 million years of the earth’s history, and comprises the
Holocene epoch spanning the last 10,000 years, which followed the Pleistocene.
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wards flowing rivers to those of the Riverine Plain to the west of the Great Dividing
Range. Over the hundred thousand year timescale of the last glacial cycle, a number
of phases of fluvial activity recognised in the westward flowing rivers appear to be
expressed in the coastal valleys east of the Range (Nanson et al., 2003). Most notably
these include major episodes of gravel deposition along the Hawkesbury-Nepean River
at the time of the last inter-glacial at 110–75 thousand years ago (ka) and between 50
and 40 ka. The evidence suggests a strong climatic control upon fluvial activity of the
coastal rivers over this time period.
However, the single largest change to have affected the coastal rivers over the last
twenty thousand years has no counterpart among the streams of the Riverine Plain.
This is, of course, sea level rise driven by the melting of the major continental ice
sheets during the last de-glaciation. The magnitude of this sea level rise was about
125m (Lambeck and Chappell, 2001) and caused extensive inundation of coastal envi-
ronments. As sea level is the base level for the coastal river systems, the significance of
this base level change for their floodplain formation patterns, particularly along their
lower reaches, has been profound.
Studies have documented the responses of estuarine embayments to this base level
change, and a reasonably coherent pattern of early Holocene marine transgression, bar-
rier construction and fluvial progradation has emerged for the New South Wales coast
(Roy et al., 1980; Thom et al., 1981; Thom and Roy, 1985; Umitsu et al., 2001). Re-
sponses of tropical macro-tidal rivers from northern Australia have also been presented
in Woodroffe et al. (1993) and Woodroffe and Chappell (1993).
To date however, only a single integrated observational study has been conducted
of the interaction of a fluvial system, its estuarine embayment and sea level change on
the New South Wales coast. This comprises the study by Walker (1970) of the Macleay
River. Multiple phases of valley aggradation and incision over the late Pleistocene and
Holocene were recognised by Walker, yet explanations of what these phases repre-
3sented was hampered by a limited understanding of Holocene sea level variations and
climate.
Since this study, progress has been made in understanding the timing, rate and
magnitude of sea level variations from the Pleistocene to the Holocene (Lambeck and
Chappell, 2001). Apart from the 125m sea level rise caused by ice cap melting, ev-
idence of metre scale sea level variations during the Holocene along the Australian
coast has been presented by Chappell et al. (1982) and Chappell (1983). These changes
arise from isostatic adjustments of the earth to the melting of the last-glacial ice sheets
and the input of water to the ocean basins, and can manifest as regionally variable
Holocene sea level histories (Lambeck and Nakada, 1990). Such sea level variations
are potentially of significance for the initiation of floodplain aggradation amidst coastal
valleys of New South Wales during the Holocene as sea level is the base level for the
coastal rivers.
Advances in understanding how the climate of southeastern Australia has changed
over the Holocene have also occurred. Hydrologic reconstructions based on palaeo-
lake levels (Bowler, 1981; Chivas et al., 1985; Dodson, 1986; Magee et al., 1995)
generally support the pattern of a wetter environment than present during the middle
Holocene, drying to a hydrologic minima between two and three thousand years ago.
This climate change has been invoked as an important factor controlling floodplain
formation in alluvial river reaches (Nanson et al., 2003).
Techniques for more accurately dating the time of sediment deposition other than
the radiocarbon dating of detrital charcoal employed by Walker (1970) have also been
developed (Aitken, 1998). These techniques offer the prospect of a more refined de-
positional chronology for the coastal river systems. This is essential for evaluating the
relationships between floodplain evolution and the factors which may control it. The
advent of surveying techniques based on global positioning systems has also been of
value by allowing the elevation of fluvial deposits within a valley to be surveyed to
4 Introduction
centimetre scale accuracy. This allows for highly detailed morphologic definition of
floodplain deposits, which is essential for understanding their interaction with what
may be subtle base level changes. In light of these developments, further examination
of the nature of Holocene floodplain formation in the coastal valleys of New South
Wales is warranted.
This thesis extends the current understanding of the timing and nature of Holocene
floodplain evolution within estuarine and alluvial reaches, through a study of two rivers
draining to the New South Wales coast. It seeks to explore the interplay of factors
which have shaped the current geomorphology of the fluvial landscape. In particular,
the relative roles of base level change and Holocene climate variation, both poten-
tially of significance for the timing and nature of floodplain formation, are examined.
This is undertaken by comparing floodplain formation patterns against the timing of
Holocene sea level changes as well as against the major climate changes recognised
for the Holocene.
1.1 Study Sites and Methods
The Macdonald and Tuross Rivers have been selected for detailed study in this thesis.
The Macdonald River is a sand bed river draining to the larger Hawkesbury-Nepean
River. Its junction with the Hawkesbury is 40km from the coast, yet both the Mac-
donald and Hawkesbury-Nepean rivers are estuarine at their junction. The Macdonald
River also has a history of substantial channel change during the twentieth century
(Henry, 1977; Erskine, 1986). The second river, the Tuross, is of equivalent size and
is located 300km to the south, but has a steeper cobble then sand bed leading into a
relatively short barrier estuary.
Each river’s Holocene aggradation history is examined through topographic sur-
veying, stratigraphic analysis of alluvial sediments and dating with radiocarbon and
optically stimulated luminescence techniques.
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1.2 Thesis Outline
This thesis is structured as follows:
• Chapter 2 presents a review of the environmental context relevant to this thesis.
It reviews the geological setting of eastern Australia and the Quaternary evolu-
tion of the Australian environment. Particular attention is paid to how fluvial
systems have evolved. The post-glacial and in particular Holocene sea level and
climate variations along the New South Wales coast are presented along with
the historic hydrologic context of the two study catchments. Finally, a review of
floodplain formation processes and evolution is presented.
• Chapter 3 discusses the methods by which the data in this thesis were collected
and analysed and includes a review of radiocarbon and optically stimulated lu-
minescence dating methods.
• Chapter 4 presents the field observations from the Macdonald Valley detailing
the catchment’s hydro-climatic conditions, the alluvial landforms of the valley
and their formation chronology.
• Chapter 5 presents the field observations from the Tuross Valley detailing the
catchment’s hydro-climatic conditions, the alluvial landforms of the valley and
their formation chronology.
• Chapter 6 integrates the observations of floodplain formation along the two val-
leys with additional data from their estuaries into an evolutionary model for each
river. These evolutionary models are then compared to the patterns of Holocene
sea level and climate change.
• Chapter 7 concludes the thesis with a summary of the major findings.
6 Introduction
Chapter 2
Literature Review
This chapter covers a number of background matters pertinent to this thesis. The
chapter is divided into the following sections covering:
• The regional geologic setting of south eastern Australia.
• A review of what is known about the late Quaternary environmental history of
the region, including sea level and climatic variations.
• A review of the climate regime of the twentieth century and its role and signifi-
cance for the patterns of channel change observed in historic times.
• A review and discussion of floodplain formation and evolution models of rele-
vance to the two study rivers.
Figure 2.1 is a regional map of south eastern Australia showing a number of land-
scape features referred to in this chapter.
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2.1 Regional Geology of South Eastern Australia
The major geologic provinces of south eastern Australia reflect a combination of oro-
genic and tectonic activity of the Palaeozoic and Mesozoic followed by Cainozoic
basaltic extrusion and Quaternary sedimentation. Figure 2.2 is a map of south eastern
Australia showing the major geologic provinces. The two major basement blocks are
the Lachlan and New England Fold Belts, a heterogeneous series of metamorphosed
marine sediments, volcanic and granitic rocks. Sedimentation occurred in the Sydney
Basin during the Permian and Triassic, initially with rich bituminous organic sediment
but followed by quartz rich sediments during the Triassic. Subsequent to this uplift
occurred but the highland mass is now considered to be largely in isostatic equilibrium
(Lambeck and Stephenson, 1986). Substantial Cainozoic sedimentation occurred in
the Murray basin westwards of the Great Dividing Range (Jones and Veevers, 1982),
capped by a thin veneer of Quaternary fluvial and aeolian sediments. Cainozoic sed-
imentary deposits east of the Great Dividing Range are much smaller in size than the
extensive sequences preserved west of the range.
2.1.1 Implications for Topographic Evolution
The main valley systems draining both the eastern and western faces of the Great Di-
viding Range in New South Wales have existed in much the same form as the present
from the mid-Tertiary onwards. Young (1981); Bishop et al. (1985); Taylor et al.
(1985) and Young and McDougall (1993) all demonstrate that the westward flowing
valley structures of the Lachlan and Murrumbidgee Rivers have existed since the mid-
Tertiary. Similar studies by Young (1983), Nott (1992) and Spry et al. (1999) indicate
that the rivers flowing east of the Great Dividing Range to the coast such as the En-
drick, Shoalhaven and Clyde Rivers have also been present in their modern valleys
with similar levels of landscape relief since the mid-Tertiary. Rates of fluvial down-
Figure 2.2: Regional geology of south eastern Australia.
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cutting into the highland mass since the Tertiary derived from these studies range from
1 to 40m per million years, though values less than 15m per million years predominate
(Wellman, 1987; van der Beek et al., 2001). Such rates are consistent with those mea-
sured using cosmogenic isotope abundances in Quaternary regolith materials (Heim-
sath et al., 2001).
Apparent rates of gorge head-wall retreat into the highland mass appear to be two
to three orders of magnitude greater than either the rates of valley incision or gorge
sidewall retreat. Reported rates of gorge head wall retreat include examples from
the Shoalhaven Gorge of 2500m per million years over the last 30 million years (Nott
et al., 1995), 800 to 1200 m per million years from the Blue Mountains west of Sydney
(van der Beek et al., 2001) over the last 48-71 million years and 2000 m per million
years for the Macleay River located on the New England Fold Belt (Seidl et al., 1996).
Such rapid rates of gorge incision into what appears to have been a seawards sloping
rift margin (Seidl et al., 1996) and relative to the denudation rates of valley bottoms
and interfluves have resulted in the high relief topography and high gradients of the
eastern flanks of the Great Dividing Range.
This tectonic and geomorphic evolution has formed what is a common topo-sequence
for many river systems along the New South Wales coast. Relatively subdued land-
scapes found along the tablelands and highlands often serve as the headwaters for the
coastal streams. Eastwards, river gorges, often with multiple knickpoints, represent
the advancing head walls formed as the rivers and their tributaries have incised into
the highland land mass. Steep hillslopes and high relief landscapes cut into bedrock
supply coarse sediment to the rivers. Further downstream, as valleys begin to widen,
isolated pockets of alluvium can be found in sheltered valley settings. Fully alluvial
reaches develop downstream filling ever wider valleys graded to estuaries at present
day sea level.
For many rivers east of the Great Dividing Range, extensive alluvial floodplains are
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not common until the lowest reaches of the river are encountered, and frequently these
have developed over estuarine sediments which have infilled bedrock embayments in
response to post-glacial sea level rise (Roy et al., 1980; Umitsu et al., 2001).
2.2 The Late Quaternary Environmental Context
2.2.1 Glacial-Interglacial Cycling
The Quaternary period experienced repeated cycling between cold glacial phases and
warmer interglacials (Bradley, 1985). Ocean volumes and hence sea levels have risen
and fallen as continental ice caps and glaciers have accreted and melted. An associated
fractionation of the oxygen isotope composition of ocean waters records these ocean
volume changes as water is distilled from the oceans and frozen as ice when stored
on continental ice sheets. As this process favors the lighter isotopes, oceanic water
becomes enriched in the heavy heavy oxygen isotopes during these cold glacial phases
(Bradley, 1985).
Figure 2.3 shows the variable isotopic enrichment of ocean waters in 18O over
the last three hundred thousand years (note the reversed vertical scale), as measured
from foraminifera from deep sea ocean cores (Martinson et al., 1987). The troughs in
the graph (with higher δ18O values) coincide with periods of substantial ice accretion
on the continents (glaciations), and the peaks (with lower δ18O values) correspond to
warmer interglacial phases. These marine isotope records were divided by Emiliani
(1955) into a series of oxygen isotope stages with odd numbered stages correspond-
ing to interglacials or major interstadials and even numbered phases corresponding to
glacial events or major stadials.
These Quaternary climatic and sea level oscillations have had major ramifications
on the Australian environment as weathering and sediment transport processes across
the continent changed along with hydrologic conditions. Major base level changes
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Figure 2.3: Stacked oxygen isotope record from benthic foramanifera (Martinson et al., 1987), showing
alternating enrichment in the heavy oxygen isotopes species δ18O of oceanic water over time, along with
the oxygen isotope stages defined as defined by Shackleton and Opdyke (1973).
arising from varying sea levels substantially influenced landform development in near-
coastal environments. These environmental changes are now reviewed.
2.2.1.1 Sea Level Changes through the Last Glacial Cycle
The history of sea level variations over time at a particular site is dependent essentially
upon the volume of water transferred between the continental ice sheets and the oceans
during glacial cycles (the eustatic sea level component), and vertical movement of
coastal areas. The former is proportional to the ratio of the volume of ice relative to
the area of the oceans, whilst the latter arises from isostatic adjustments of the earth’s
shape to varying mass distributions across its surface, acting in addition to any local
tectonic forcing.
Accretion or melting of major continental ice bodies induces crustal flexure of
both the ocean basins and continental crust as mantle material flows either back under
unloaded areas or away from loaded areas in compensation (Lambeck, 1993). The
characteristic time scale of such isostatic responses appears to be of the order of 103
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to 104 years (Nakada and Lambeck, 1989; Lambeck, 1993). Ongoing lithospheric re-
sponses to the last de-glaciation are observed at a variety of sites around the globe
(Chappell et al., 1982; Nakada and Lambeck, 1989; Lambeck, 1997). The characteris-
tics of this adjustment depend strongly upon the proximity to major ice sheets and the
regional coastal geometry.
Sea level reconstructions show that sea levels reached a minimum elevation some
125 m below present day levels at the last glacial maximum twenty thousand years
ago (Lambeck and Chappell, 2001). Rapid postglacial sea level rise from 17 to 7 ka, at
rates of up to 15 m per thousand years, though generally at around 10 m per thousand
years, saw a return to near present day levels around the Australian continent during
the mid-Holocene. Figure 2.4 illustrates the pattern of relative sea level change for
eastern Australia during the final phases of post-glacial sea level rise as presented by
Thom and Roy (1985).
2.2.1.2 Holocene Sea Level Variation along the New South Wales Coast
It is the changes to Holocene sea levels that are of particular relevance to this study.
In general, for eastern Australian coastal sites far removed from major ice bodies,
Holocene sea level changes arise from meltwater loading of the ocean basins and the
isostatic adjustment of the crust and mantle to this loading.
A characteristic pattern of Holocene sea level change for many Australian sites has
sea level rising to a maximum height of between 1 and 3m above present day levels
at 6000 radiocarbon years BP, followed by a gradual fall of sea levels to the present
time controlled by the relatively long relaxation time of the lithosphere (Lambeck and
Nakada, 1990). These trends have been successfully predicted by geophysical mod-
elling (Chappell et al., 1982; Chappell, 1983; Nakada and Lambeck, 1989; Lambeck
and Nakada, 1990). This modelling demonstrated that different continental shelf and
embayment settings can lead to subtle differences in Holocene sea level trends for
Figure 2.4: Envelope of relative sea level for eastern Australia during the Holocene from Thom and
Roy (1985). The shaded area represents the uncertainty in sea level elevation at any given time.
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different sites within several hundred kilometres of each other.
Nakada and Lambeck (1989) and Lambeck and Nakada (1990) make specific pre-
dictions of Holocene sea level heights for both the Hawkesbury River mouth and the
Moruya region of the New South Wales coast, both of which are locations close to field
sites of this project. Predictions made were of a mid-Holocene sea level high stand of
about +1m at 6000 radiocarbon years BP for the Hawkesbury mouth, followed by a
gradual fall to present day levels. For Moruya, a +0.5m high stand was predicted, with
sea level there remaining close to this height between 6000 to 2000 radiocarbon years
BP.
In the case of the deeply incised Hawkesbury estuary, tilting of the continental
margin was predicted to accentuate the mid-Holocene high stand at 60km inland to
between +1 to +2m above present levels. These coastal predictions were largely in
accordance with the sea level history for the New South Wales coast presented by
(Thom and Roy, 1985) which placed the Holocene high stand at Moruya at 0.5m±
0.5m.
A survey of recently published observations of Holocene sea levels along the cen-
tral New South Wales coast has been undertaken for this study which suggest a slightly
different sea level history to that proposed by Thom and Roy (1985) and Lambeck and
Nakada (1990). These observations comprise fossil inter-tidal tube-worm deposits
stranded on coastal cliffs above their present day growth positions (Flood and Frankel,
1989; Baker and Haworth, 1997; Baker et al., 2001). These observations are plotted in
Figure 2.5 along with the Thom and Roy (1985) sea level curve and the Lambeck and
Nakada (1990) sea level predictions for the Hawkesbury mouth based on a lithospheric
thickness of 50km.
The main difference between the tubeworm observations is in the duration of the
highstand. The geophysical modelling suggests a progressive fall in relative sea level
from 6500 years ago, whilst the tubeworm observations suggest that the highstand
2.2 The Late Quaternary Environmental Context 17
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Figure 2.5: Observations of Holocene sea level indicators from the Sydney region from Baker et al.
(2001) shown with Hawkesbury mouth Holocene sea level curve as predicted by Lambeck and Nakada
(1990) and a section of the Thom and Roy (1985) sea level curve for New South Wales. The upper
horizontal axis is in radiocarbon years before present. The lower horizontal axis shows the calibrated
radiocarbon timescale at 500 radiocarbon year intervals (rounded to the nearest century). The sea level
curves of Lambeck and Nakada (1990) and Thom and Roy (1985) were visually read from the published
graphs so may differ slightly from the actual values.
persisted until about 2000 years ago, before sea level fell.
Using the height differences between relic and present day tube worm deposits
appears at least as robust a method of determining relative sea level changes as other
methods previously employed (for example Chappell et al. (1982), Chappell (1983)
and Belperio et al. (1984)). The growth position of such tubeworm species apparently
varies with coastal energy conditions and wave regime, but presumably careful field
work and site selection can minimise unwanted apparent differences in sea level height
arising from this. Similar problems present themselves when using corals as prior sea
level indicators, for example (Chappell et al., 1982).
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Baker and Haworth (1997) and Baker et al. (2001) use their observations to fit high
level polynomial functions and interpret these fitted curves as evidence of multiple sea
level oscillations throughout the Holocene. Such an interpretation is questionable on
the grounds that combining sea level observations from an area as extensive as half
the New South Wales coast into a single sea level curve curve as Baker et al. (2001)
do is likely to result in spurious sea level trends as local isostatic adjustments can lead
to different regional sea level histories for sites only a few hundred kilometres apart
(Chappell et al., 1982; Lambeck and Nakada, 1990). In addition, the fitting of high
order polynomial functions to the limited number of data points presented appears to
have little statistical validity, and the most conservative conclusion of steadily falling
sea levels is arguably all that can be supported with the present data.
2.2.2 Holocene Estuarine Evolution in Eastern Australia
The two river systems studied here flow to estuaries that have developed in response to
post-glacial sea level rise. Estuarine evolution reflects the interaction between marine
processes (tides and waves) and fluvial processes and, in particular, rates of sediment
delivery to the estuary (Dalrymple et al., 1992). This section reviews models of estuar-
ine evolution proposed for the New South Wales coast and considers their implications
for the fluvial evolution of the contributing rivers. Detailed observations of the evolu-
tion of these two estuaries are presented in their relevant chapters.
The Tuross Lakes estuary happens to be a characteristic example of the wave dom-
inated type of estuary reviewed by Dalrymple et al. (1992). Such estuaries have as
their principal features a coastal barrier, central mud basin and prograding fluvial front,
shown schematically in Figure 2.6.
The sand barrier develops in the high energy coastal zone with a flood tide delta
extending landwards through a coastal inlet. Often an aeolian dune complex exists at
the barrier surface. Landwards, within the low energy central basin, mud deposition
Figure 2.6: Distribution of (A) energy types, (B) morphological components in plan view, and (C)
sedimentary facies in longitudinal section within an idealized wave dominated estuary. The section in
C represents the onset of estuary filling following a period of transgression (figure and caption from
Dalrymple et al. (1992)).
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predominates with occasional coarser sediments deposited when these are transported
into the estuary by floods. Tributary rivers commonly form deltas by prograding allu-
vial sediments into the estuary. This represents an important process by which estuar-
ies can be infilled. Other infilling processes include settling of fine grained suspended
sediments in the central mud basin, sourced from either terrestrial or marine sources,
and progradation of the sandy flood tide delta sediments into the estuary by tidal cur-
rents.
2.2.2.1 Estuarine Infilling and Valley Aggradation
The degree of infilling of the smaller south coast estuaries is variable and no consis-
tent relationship between proportional infilling and the size of the catchment feeding
the estuary is apparent (Roy et al., 2001). Some rivers like the Shoalhaven have com-
pletely filled estuaries and are directly feeding sediment to the coast (Young et al.,
1996; Umitsu et al., 2001). However, partially filled estuaries are of particular rele-
vance to this study as they allow for ongoing fluvial progradation at the delta front.
The long term response of a river prograding into its estuary is bed aggradation both
within the estuary and potentially for quite a distance upstream. Ongoing gradient ad-
justment (through bed aggradation) occurs along the course of the river until sediment
transport to the coast equals that along the course of the river feeding the estuary. If the
hydrologic parameters of the catchment remain constant, a new thalweg and floodplain
surface parallel to that which proceeded it will be established. Figure 2.8 illustrates
this process.
The depth of bed aggradation ∆y, expected from a given distance of progradation,
∆x, is expressed as
∆y = ∆x tanθ (2.1)
Figure 2.7: Stages of infilling of a wave dominated estuary. Figure from Roy et al. (1980) and Dalrym-
ple et al. (1992)).
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Figure 2.8: Schematic diagram illustrating the fluvial aggradational potential provided by incompletely
filled estuaries. The figure shows a hypothetical wave dominated barrier estuary with central mud basin.
MFS thalweg corresponds to the river thalweg at the time of the maximum flooded surface at time t0.
PT (tx) is the graded thalweg profile at time tx, developed following progradation of distance ∆x. MSL
is present day mean sea level.
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where θ is the bed gradient in degrees required for a steady state bed elevation.
Within this framework, estuarine progradation and valley aggradation are intimately
linked. As long as a river continues to deliver sediment to an estuary, it will be con-
tributing to valley aggradation. The only way to break this cycle is if the channel
delivers its sediment load directly to either the open ocean where ocean currents can
remove the sediment or to a much larger estuarine system capable of the achieving
same effect.
Systematically integrated studies of estuarine and fluvial evolution along the New
South Wales coast are essentially limited to the single example of the Macleay River
study by Walker (1970). Walker observed what is now recognised as a characteristic
post-glacial estuarine sequence. At 20 to 30m below present day sea level “stiff yellow
and grey mottled clays and cemented white sands” were identified over a bedrock sur-
face. The weathering of such sediments strongly suggested that they comprised a Pleis-
tocene surface exposed for much of the last glacial cycle. Mixed sand and silt estuarine
sediments (the Gladstone deposits) overly these older clay and sand deposits and the
age of 8950 to 10250 calibrated radiocarbon years BP (sample V15) from these sedi-
ments indicated they aggraded in response to post-glacial sea level rise. The Mungay
Terrace is the oldest of the Holocene terraces upstream of the estuary and a basal date
of 7000 to 7600 calibrated radiocarbon years (6425±105 radiocarbon years, sample
V13) indicated that fluvial valley aggradation occurred contemporaneously with sea
levels attaining their present day height. The valley aggradation is synchronous with
deposition of the sand and silt rich Gladstone estuarine deposits as would be expected
under the link between estuarine infilling and valley aggradation. The Mungay Ter-
race has limited expression within the valley and is inset beneath much more extensive
terraces of presumed Pleistocene age. Nanson et al. (2003) consider that the poor ex-
pression of alluvial deposits along the Bellinger River coeval with the Mungay Terrace
was due to erosion of these deposits in the middle Holocene.
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The most extensive Holocene surface identified along the Macleay is the Mooneba
Terrace. The sediments are mainly fine sandy loams to clay loams typical of late
Holocene fluvial deposits. Wood fragments from the base of the Mooneba Terrace
gave a calibrated radiocarbon age of 3380–3460 years BP. Formation of this terrace
implies abandonment of the Mungay Terrace after 7000 to 7600 calibrated radiocarbon
years BP (the date of its initiation) but before aggradation of the Mooneba Terrace
commenced 4000 years later. This abandonment was attributed to bed incision by
Walker (1970), whereas Nanson et al. (2003) argue for a hydrologic change as the
cause of similar floodplain abandonment along the Bellinger and Nambucca rivers.
Aggradation of the Mooneba surface along the Macleay’s alluvial reaches was ac-
companied by ongoing fluvial deposition within the estuary, expressed as the Smith-
town alluvium (0.7 to 6m thick) for which a basal age of 3250 to 3850 calibrated
radiocarbon years was obtained. Again, the link between estuarine infilling and valley
aggradation is evident. Walker’s observation that even the Mooneba terrace, formed as
recently as 3250 to 3850 calibrated radiocarbon years, had since been abandoned by
stream incision and replaced by the even lower Belgrave Terrace is a noteworthy ob-
servation in light of a published observation of higher Holocene sea level at this time.
Flood and Frankel (1989) note relict tubeworm deposits one metre above present day
growth position at the Valla Headland (35km north of the Macleay River) that gave a
radiocarbon age of 3440±70 years BP. The close correspondence between this radio-
carbon age and the timing of formation of the Mooneba Terrace is striking, and the
inferred fall of sea level to present day levels subsequent to this provides a mechanism
for inducing the bed incision suspected by Walker and hence the formation of a lower
level floodplain beneath the Mooneba Terrace.
Other examples of dated coastal fluvial deposits include those of two terraces from
the Kangaroo River on the New South Wales south coast reported by Young (1976),
who noted the occurrence of high (+12 m) and middle (+7 m) terraces, both above a
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contemporary flood plain. A calibrated radiocarbon age of 1830-1410 years BP was
given by Young for the commencement of alluviation of the mid level terrace. Other
late Holocene ages are given for terrace units along the Colo River and Wollombi
Brook by Hickin and Page (1971) but interpretation of these ages is ambiguous given
the few stratigraphic or site descriptions.
2.2.3 Late Quaternary Environments of Australia
2.2.3.1 Pre-Last Glacial Maximum Conditions
Between the time of the last interglacial episode at 120ka and the last glacial maximum
at 16–22ka (Barrows et al., 2002), declining lake levels and river discharge rates re-
flected a long term drying of the Australian continent. Lakes and rivers that essentially
fill or empty in step with precipitation leave geomorphic deposits that can provide long
term records of changes in hydrologic regime. Large sand carrying channels extended
across both the Riverine Plain (Page et al., 1991; 1996) and central Australia (Nan-
son et al., 1992; Nanson, Chen and Price, 1995) at the time of the last interglacial.
Major gravel deposition occurred from 110 to 75ka along the Hawkesbury-Nepean
River (Nanson et al., 2003), and relic lake deposits of last interglacial age, indicative
of perennially high water levels, are found in central Australia where today ephemeral
or much lower lake levels are sustained (Magee et al., 1995; Croke et al., 1996; Nanson
et al., 1998).
Relatively wet conditions persisted for tens of thousands of years across much of
Australia even after the last-interglacial phase ended. Between 55 and 35 ka, previ-
ously abandoned palaeo-channels on the northern margins of the Riverine Plain were
reactivated (Page et al., 1991; 1996). A second episode of gravel transport along the
Nepean River is dated from this time (Nanson et al., 2003), as is the deposition of the
older units of the coarse clastic Rivervale Terrace on the upper Shoalhaven River (Nott
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et al., 2002). High lake levels at Lakes Eyre and Frome (Nanson et al., 1998) dated
to this period provide additional evidence in support of high moisture levels further
inland, though environmental reconstructions from Lake Mungo have identified dis-
tinct dry phases occurring within otherwise generally wetter conditions (Bowler et al.,
2003).
Prior to the last glacial maximum, periglacial erosion processes became active
upon the higher elevation areas of eastern Australia as the climate cooled. Block
streams formed and cascaded down hillsides in the Snowy Mountains, perhaps from
33000 radiocarbon years BP (Caine and Jennings, 1968). More general slope insta-
bility, argued as indicative of decreased vegetation cover, is reported from the Snowy
Mountains (Costin and Polach, 1971), the Flinders Ranges (Bowler et al., 1976) and
even in the northern tropics of Cape York (Nott et al., 2001). On the hillslopes of the
southern tablelands, weathering and accumulation of coarse clastic hillslope deposits
(the Bangalay formation) were identified at Wangrah Creek by Prosser et al. (1994)
and dated at 24700±300 radiocarbon years BP.
Nothofagus stumps buried by block streams in the Snowy Mountains (Caine and
Jennings, 1968) suggest pre-glacial maximum moisture levels remained high. High
lake levels sustained at Lake George from 27 to 21 thousand radiocarbon years BP
(Coventry, 1976) and at Lake Keilambete from 30 to 18 thousand radiocarbon years
BP (Bowler and Hamada, 1971) are consistent with this. As the temperature depres-
sion at this time must have been close to the glacial maximum depression of 9◦C be-
low present day levels with a commensurate reduction in evaporation rates (Galloway,
1965), the question of whether the higher lake levels reflected depressed temperature
and evaporation or whether precipitation levels were enhanced remains to be resolved.
The activity of the Gum Creek channels of the Murrumbidgee from 35 to 25 ka has
been recognised as a distinct phase of fluvial activity on the Riverine Plain prior to the
last glacial maximum. The channels of this phase had large radius meanders and car-
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ried sand loads (Page et al., 1996). The timing of activity in the Gum Creek channels
appears have coincided with the declining phases of the Green Gully channel system
along the Murray, dated at between 30 and 25 ka (Bowler, 1978). Along the Lach-
lan River, the Ulguthrie channels have been dated by Kemp (2001) within this period.
These Gum Creek and Ulguthrie channels differed from the earlier palaeo-channels
of the Riverine Plain in their greater sinuosity, yet by comparison to the present day
channels were still substantially larger in overall dimensions and channel capacity.
Amoung the river systems east of the Great Dividing Range, Nanson et al. (2003) ob-
serve an aggradational phase on a tributary of the Nambucca River extending from
36.1±3.2 (W2727) to 25.5±2.1 ka (W2350) which coincides with activity in the Gum
Creek channel system to the west. Fluvial deposition of coarse sediments along the the
upper Shoalhaven River occurred throughout this time, but clearly defined morpho-
chronologic episodes equivalent to those of the Gum Creek and subsequent Yanco
phases remain to be established for this river (Nott et al., 2002).
2.2.3.2 The Last Glacial Maximum
Three glacial advances are recognised in the Snowy Mountains from the time of the
last glacial maximum. Dates derived from in-situ cosmogenic nuclide abundances on
glacial moraines place the formative glacial advances at 32, 19 and 17 ka with each
of these events progressively smaller in size, reflecting progressively drier conditions
(Barrows et al., 2001). The peak of the last glacial maximum is defined here partially
on the timing of the latter two glacial advances as being between 17±1 and 20±2 ka
(Barrows et al., 2002).
Despite colder conditions and hence lower evaporation rates, low lake levels are
recorded at Lake Keilambete in central Victoria (Bowler and Hamada, 1971) and Lake
Eyre in central Australia (Magee et al., 1995) during the last glacial maximum. Sub-
stantial dune activity occurred at this time on the Riverine Plain (Page et al., 2001;
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Ogden et al., 2001), central Australia (Croke et al., 1996), the Darling River (Bowler
et al., 1978) and even amidst highland reaches of the Shoalhaven River (Nott and Price,
1991) and on hillcrests along the Blue Mountains (Hesse et al., 2003). Such observa-
tions are consistent with a dry environment during the last glacial maximum. In a
northern New South Wales highland swamp, an increased deposition rate and coarser
particles are noted during the last glacial maximum. These are interpreted as reflect-
ing more aggressive hillslope erosion processes and perhaps a flushing of peri-glacially
weathered sediment into the swamp (Sweller and Martin, 2001).
2.2.3.3 The Post-Glacial Phase
The return to milder interglacial conditions following the glacial maximum was rapid.
Following the last ice advance in Kosciuszko at 17 ka, ice had melted from the high-
lands by 15 ka and by 13 ka herb fields had recolonised the alpine regions. A major
surge of the Eucalypt dominated vegetation is recorded in south eastern Australia from
around 9 ka (Bowler et al., 1976; Hope et al., 2000). Studies from the Hawkesbury
estuary (Dodson and Thom, 1992) and the southern tablelands of New South Wales
(Dodson, 1986) indicate vegetation communities equivalent to the present established
in these regions from the earliest Holocene.
On the Riverine Plain, the Yanco palaeo-channel system of the Murrumbidgee su-
perseded the Gum Creek channel system. Dates for activity of the Yanco channels
presented by Page et al. (1996) range from 18.5±1.5 to 13.6±1.6 ka. Like the older
Gum Creek channels, those of the Yanco system are distinguished by large magnitude
channels in relation to those of the present river. Similarly large Kotupna channels
were active along the Murray River at this time. The samples N-296 and ANU-29,
which Bowler (1978) used to define the terminal stages of the Kotupna channels, gave
calibrated radiocarbon age ranges of 14.3–16.5 ka and 14.9–17.3 ka, thus making them
contemporaries of the Yanco channels to the north. The initiation of this phase remains
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to be accurately defined though Bowler’s sample N-301 from Kotupna channel de-
posits gave a calibrated radiocarbon age range of 18.3 to 20.3 ka. Further to the north
Bowler et al. (1978) obtained similar dates from the Acres Billabong palaeo-channels
of the Darling. Again, like the Yanco and Kotupna systems, both the meander radius
and wavelength of the Acres Billabong channels were notably larger than those of the
contemporary channel. Three radiocarbon dates were presented to define the timing
of activity of this channel system: the oldest date (ANU-1984) gave a calibrated age
range of 21.7 to 24.0 ka, whilst for the youngest sample (ANU-1982), the calibrated
age range was 12.9 to 13.9 ka.
Page et al. (1996) raise the possibility of a distinct hiatus in fluvial activity along
the Riverine Plain during the last glacial maximum. Details of this remain to be estab-
lished as the data presented by the authors does not provide conclusive proof of this.
Their definition of the glacial maximum as occurring at 22 ka is comparatively early in
relation to the Barrows et al. (2002) estimate based on dating of glacial advances in the
Snowy Mountains. If the Barrows et al. ages are taken with their stated uncertainties
(16 to 22 ka) along with the published ages for the pre-glacial Gum Creek channels
(which could be as young as 21.9 ka for sample W997 given their uncertainties) and
post glacial Yanco channels (which could be as old as 19.7 or 17.2 for samples W1559
and W1557), an overlap between these channel phases and the glacial maximum is ev-
ident. More precise dating is thus required to clarify the timing of the transition from
the Gum Creek to the subsequent Yanco channel system, and to resolve the question of
whether a fluvial hiatus occurred during the glacial maximum. Whilst drier episodes
may have prevailed during the glacial maximum, little evidence of them can be identi-
fied in fluvial deposits of the Riverine Plain (largely on account of dating uncertainty)
and most fluvial landforms dating from this time suggest higher discharge rates than
the present prevailed.
The absence of a discernible fluvial hiatus during the last glacial maximum in rivers
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east of the Great Dividing Range is also supported by dates presented by Nanson
et al. (2003) for alluvial deposits along the Nambucca and Nepean Rivers of New
South Wales. The authors present a range of dates from what are now terrace deposits,
which accounting for uncertainties in the age estimates extend from as old as 25.3
ka (W2723) to as young as 8.0 ka (W2351) for North Arm sites of the Nambucca
catchment and as old as 21.5 ka (W932) to as young as 12.1 ka (W936) for samples
from the fine overburden in the western section of the Nepean’s Cranebrook Terrace.
Like the channel systems to the west of the Great Dividing Range, these coastal rivers
systems appear to have been aggrading fluvial deposits both during and after the last
glacial maximum. Admittedly the age ranges quoted here represent the extremes of
the uncertainties associated with the published ages but nonetheless these uncertainties
must be accounted for.
Attempts to group alluvial deposits into evolutionary phases is a widely adopted
method of establishing order within the expanses of geological time. However, to
succeed in this, it is important to establish that distinct landform characteristics are
indeed grouped in terms of their formation epochs and that the evolutionary phases of
the landform in question can be positively distinguished from the null hypothesis of
constant conditions in this case (perhaps with a degree of accepted variability).
The narrow coastal valleys east of Australia’s Great Dividing Range inhibit the
formation and preservation of the alluvial deposits of rivers of the Riverine Plain to
the west that provided the basis for robust morphologic definition of the various late
Pleistocene channel systems. Nanson et al. (2003) primarily define the terraces for
the Nambucca and Bellinger River in terms of their present day height above the thal-
weg. Whilst different evolutionary phases may produce alluvial deposits of varying
thickness, the uncertainty over the relevant channel depth associated with each terrace,
which would in fact be a guide to the hydrologic characteristics of the system, weakens
this approach. In the absence of channel depth information for example, the particle
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size characteristics of the terrace deposits can give some indication of past flow condi-
tions. Thus the claim for different evolutionary phases during the last interglacial and
during oxygen isotope stage 3 (circa 50 ka) based on the gravel deposits at the base of
the Cranebrook Terrace (Nanson et al., 2003) seem much more strongly founded than
the claims for distinctive phases following this amidst coastal systems.
2.2.3.4 Early Holocene Channel Development
The demise of the Yanco channel systems across the Riverine Plain was followed by
the establishment of the comparatively small channels between 13 and 11 ka (Page
et al., 1996). On the Lachlan River, the Holocene Nanima fluvial system was con-
firmed as active by 6 ka and the time of the transition to this morphologic phase
was quite possibly synchronous with the demise of the Yanco system along the Mur-
rumbidgee (Kemp, 2001). The contemporary channel morphology of the Goulburn
River of Victoria dates back at least to 8550-9500 calibrated radiocarbon years BP,
based on calibration of sample N-303 from Bowler (1978).
Little channel change is noted for the Nepean near Penrith following the deposi-
tion of fine grained sediments adjacent to the channel between 21 and 12 ka (Nanson
et al., 2003), though post-glacial sea level rise would have begun influencing sediment
accumulation patterns along downstream reaches (Dodson and Thom, 1992; Nichol
et al., 1997). A distinct late-Pleistocene to early Holocene phase of fluvial activity, re-
ferred to as the Nambucca Phase, has been proposed for the Nambucca and Bellinger
Rivers by Nanson et al. (2003). Such a model is consistent with the observation by
Walker (1970) of poorly preserved early Holocene Mungay terrace remnants inset be-
low Pleistocene alluvium amidst the Macleay River.
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2.2.3.5 Late Holocene Floodplain Development
Many alluvial deposits from coastal rivers date from the second half of the Holocene.
For example, a maximum 4 ka age for Holocene floodplain deposits from the Nam-
bucca and Bellinger rivers reported by Nanson et al. (2003) conforms to the pattern
of late Holocene floodplain aggradation described by Walker (1970) for the Macleay
River. The timing of this floodplain aggradation coincides with sea levels close to
present day heights (Thom and Roy, 1985; Lambeck and Nakada, 1990). As Umitsu
et al. (2001) show for the Shoalhaven, substantial fluvial progradation into an estu-
ary can rapidly under highstand conditions and is likely to induce aggradation in the
valleys upstream. Whilst the absence of earlier Holocene dates from the Nambucca
and Bellinger rivers is attributed by Nanson et al. (2003) to erosion of older Holocene
deposits, it seems likely that high Holocene sea levels after 6000 radiocarbon years
BP played a significant role in inducing this aggradation phase, though it is argued by
Nanson et al. that their study sites are “upstream of significant sea-level influence”.
Given the late Holocene floodplain formation chronology, their assertion remains to be
proven, particularly given the observation of Walker (1970) for late Holocene deposits
extending many tens of kilometers above the estuarine zone of the Macleay River.
2.2.3.6 Holocene Climate Change
The last 8000 years of the Holocene can be divided up into three main divisions on
the basis of distinct environmental conditions in south eastern Australia. From 8000
until between 5000 and 6000 years BP, evidence indicates the environment was wetter
across south eastern Australia and Tasmania. Perennially high lake levels were sus-
tained at Lake Keilambete in southern Victoria (Bowler, 1981), the Breadalbane Basin
and Lake George on the southern tablelands of New South Wales (Dodson, 1986;
Coventry, 1976; Coventry and Walker, 1977) and at Lake Eyre in central Australia
(Magee et al., 1995). Palaeo-salinity measurements taken from Lake Keilambete sed-
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iments were in accordance with a precipitation/evaporation control upon the level of
the lake (Chivas et al., 1985; 1993). The input of aeolian sediment sources from west-
wards of the Snowy Mountains into Blue Lake in the interval 7600 and 5500 years
BP comprised fine grains (Stanley and De Deckker, 2002) consistent with both re-
duced aeolian activity and denser vegetation cover in the sediment source regions to
the west (Singh, 1981; McCarthy and Head, 2001). Tasmanian vegetation had a strong
Nothofagus component at this time indicative of wetter conditions (Anker et al., 2001).
The second Holocene division extends from 5ka until 2ka and saw progressive
falls in lake levels in all the systems described above as the environment became drier.
These formerly perennial lake systems became ephemeral between 3500 and 2500
years BP when a hydrologic minima was attained. Falling water levels at Lake Eyre
preceded equivalent changes at both Lake Keilambete and the Breadalbane Basin. A
coarsening of the aeolian sediment input into Blue Lake is recorded from 5000 to 2500
years (Stanley and De Deckker, 2002), consistent with greater aridity and reduced veg-
etation cover in the western source areas for these sediments (Singh, 1981). Eucalypts
present a more dominant signal in Tasmanian pollen spectra (Anker et al., 2001) from
3900 years BP, also consistent with drier conditions. The Lachlan River established
its modern channels from 3000 years BP, and formative discharges are estimated to
be 75% less than those of the preceding channel system established during the middle
Holocene (Kemp, 2001).
Climate reconstructions for south eastern Australia for the last 2000 years are gen-
erally consistent apart from the Lake Keilambete record. Bowler (1981) and Chivas
et al. (1985) present consistent evidence of a return to perennial lake conditions with
low salinity at Lake Keilambete from 2000 years BP until 300 to 400 year BP when
a rapid lake level fall occurred (Jones et al., 2001). Yet, a similar return to perennial
lagoon conditions is not observed in the Breadalbane Basin (Dodson, 1986) nor is a re-
turn to high water levels at Lake George (Coventry, 1976; Coventry and Walker, 1977),
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suggesting a persistence of dry conditions. The particle size of aeolian sediments de-
posited in Blue Lake reaches a maximum at 1000 years BP when water levels at Lake
Keilambete show quite wet conditions. The channel of the Lachlan River appears not
to enlarge the small channels that were established during the hydrologic minima at
3000 years BP, and fluvially quiescent conditions are recognised over the last 3500
years in Tasmania (Nanson, Barbetti and Taylor, 1995) and East Gippsland (Brooks
and Brierley, 2002).
The Holocene has clearly seen hydro-climatic changes that would have affected
the way coastal streams of New South Wales evolved by altering both their discharge
rates and catchment sediment yields. Holocene sea level changes is suggested by both
geophysical modelling and observational data, though slightly different sea level his-
tories are drawn from these. The question of how the occurrence and nature of extreme
events, so important for formation of fluvial landforms, varied in relation to the mean
climatic changes reflected in the pollen and lake records is of great importance but is
largely unresolved.
2.2.4 Hydrologic Trends since European Settlement
Turning now to the period of environmental history covered by historical accounts and
instrumental records, a number of climatic phenomena identified in the literature are
reviewed.
2.2.4.1 Rainfall Variations
The rainfall records for south eastern Australia (specifically from southern Queensland
through to western Victoria) indicate that, at the broadest temporal scale, the twentieth
century has experienced low precipitation in the first half of the twentieth century, and
increased rainfall after this, particularly up to the mid 1970’s. Pittock (1975) docu-
mented this change and identified at least a 10-20% increase in mean annual rainfall
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over much of New South Wales and Southern Queensland occurring from the mid to
late 1940’s to 1970’s relative to the preceding half century. Subsequent analyses by
Cornish (1977) and Erskine and Bell (1982) showed that the Hawkesbury-Nepean and
Hunter drainage basins were the foci of this change, and that it was predominantly
related to significant increases in summer rainfall.
2.2.4.2 Changes in Streamflow
The significance of these twentieth rainfall variations for streamflow generation was
recognised by Pickup (1976), who noted a strong upwards shift in the flood frequency
curve for the Nepean River at Wallacia for the period 1949-1965 when compared to
years 1934-1948. At this site, the mean annual flood increased seven fold, and large
floods, unprecedented in magnitude over the preceding half century, occurred within
this later period. This study by Pickup arguably identifies the most extreme reported
example of this hydrologic change, yet similarly timed shifts in flood frequency curves
were identified in the adjacent Hunter Valley (Erskine and Bell, 1982; Erskine, 1986)
and in flood stage height prior to and after the mid 1940’s for the Tweed, Richmond,
Clarence Rivers of northern New South Wales (Smith and Greenway, 1983). Bell and
Erskine (1981) suggest the magnitude of the shift in the flood frequency curve was
between 50 and 100 percent.
Warner (1987) and Erskine and Warner (1988) presented stage height data from
the Nepean and Hunter Rivers that suggested that the bi-modal hydrologic behaviour
of the twentieth century had also occurred throughout the nineteenth century. They de-
scribed these alternating hydrologic states as flood- and drought-dominated regimes.
The hypothesis that many of the observed changes in channel morphology for the
Hawkesbury Nepean and Hunter basins recorded throughout the nineteenth and twen-
tieth century were due to such hydrologic changes has been raised on numerous occa-
sions by these authors (Warner, 1987; Erskine and Warner, 1988; Erskine, 1992).
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The issue of whether alternating, multi-decadal hydrologic regimes occurred prior
to the twentieth century has been a contentious issue. For example, Kirkup et al.
(1998) suggest a number of the data sets used by Erskine and Warner (1988) to define
these alternating regimes prior to 1900 were of insufficient quality to support their
conclusion that such regimes existed prior to 1900. Brizga et al. (1993) suggest that
the half-century scale of the flood and drought dominated regimes may be too coarse a
subdivision, preferring to divide the record up into clusters of 7 to 15 years. Regardless
of this, the twentieth century changes in both mean discharge rates and flood frequency
have been profound.
2.2.5 Hydrologic Variability of Eastern Australia
The Australian hydrologic environment and stream flow rates in particular are note-
worthy for the high degree of inter-annual variability they experience. Finlayson and
McMahon (1988) reviewed a number of statistical properties of Australian stream flow
in relation to records from around the world and concluded that whilst Australian area
specific discharge rates were generally quite low, mean annual flow variability and
flood variability were both high and the latter increased with catchment area.
The degree of variability of Australian flood discharges was illustrated by Pickup
(1984). He showed that the one in 100 year discharge of the Fly and Purari Rivers
of Papua New Guinea is roughly twice the 2 year flood. By contrast, for the Nepean
Region even the 10 year flood was at least eight times the 2 year event. Erskine (1996)
noted the June 1949 flood along Wollombi Brook that caused such dramatic channel
widening was 27 times larger than the mean annual flood and had an estimate average
recurrence interval of only 87 years. Floods 13 to 18 times the mean annual flood
were noted elsewhere in the Hunter Valley (Erskine, 1994b). The argument that high
flood variability is of relevance to studies of channel morphology essentially states
that because rare floods, say a 1 in 100 year event, are so much greater in magnitude
relative to more frequently occurring events, such as a 1 in 5 or 10 year event, they
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have the potential to be much more destructive and hence to have a more dominant
role in controlling channel form.
It is important to bear in mind that directly relating channel morphology to flood
variability is not necessarily justified. Flood variability is a statistical property derived
from of a sequence of floods, but it is each of these floods acting individually though
within the pre-existing landscape morphology that determines what pattern of erosion
or deposition will occur in response to its passing. However, flood variability as a
statistical property may more logically be used to examined or interpret degrees of
morphologic disequilibrium that could be expected in a landscape for a given hydro-
logic regime.
Baker (1977) proposed that the standard deviation of the base 10 logarithms of the
annual maximum flood series be used as a measure of flood variability and this mea-
sure has consequently been adopted in numerous Australian studies (Erskine, 1986;
1993; 1996; Rutherfurd, 2000). The logarithmic transformation of the annual maxi-
mum flood series arguably leads to an over-emphasis on the significance of low dis-
charge events, which do little to shape the channel. However it is has been adopted
here as an indicative measure of flood variability in order to provide a hydrologic
context for the two catchments studied in this thesis. Figure 2.9 shows this flood vari-
ability index for the Macdonald and Tuross Rivers in relation to values for a selection
of stations east of Australia’s Great Dividing Range (station locations are plotted in
Figure 2.10). The two gauges on the Macdonald have flood variability index values of
about 0.5 which is in the middle of the eastern Australian Range but are low relative
to the Hawkesbury-Nepean basin. By contrast, flood variability appears to be higher
along the Tuross River, with the two most downstream gauges experiencing some of
the highest flood variability for the south eastern corner of the continent.
The relative magnitude of the floods that these two catchments have experienced
is also of importance. Figure 2.11 shows the maximum peak instantaneous discharge
Figure 2.9: The standard deviation of the base 10 logarithms of the annual maximum flood series for
342 gauging station east of Australia’s Great Dividing Range. Basin numbers increase southwards.
The Nepean basin is number 212 and the two Macdonald River gauging stations (212021 at Howes
Valley and 212010 at St Albans) are indicated with downwards pointing triangles. The Tuross drainage
basin is number 218 and the stations 218008 (Tuross at Eurobodalla) and 218005 (Tuross at Wadbilliga
Junction) are indicated with upwards triangles. Only stations with a minimum of 20 years of data and
which were judged to be have been minimally influenced by flow regulation structures such as dams
were included.
Figure 2.10: Location of gauging stations from Figure 2.9 with Australian Water Resources Commis-
sion drainage division boundaries.
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data for the selection of east coast gauging stations shown in Figure 2.10, with stations
from the Macdonald and Tuross Rivers and Wollombi Brook highlighted. Also shown
are the 0.25 (first quartile), 0.5 (median) and 0.75 (third quartile) regression quantiles
for the regional data. These data are from stations with varied record lengths and
period of operation, but serve to illustrate the hydrologic behaviour of the region. The
891m3/s event in 1978 along the the Macdonald (which was the highest measured
discharge) plots within the first quartile of the regional data. By contrast, the area
specific flood magnitude observed along the Tuross River falls in the third quartile of
regional observations. Gauging records for the Macdonald at St Albans commenced
in 1955 and hence missed a major flood of 1949 (Henry, 1977). An indication of the
magnitude of this event is provided by records from the Warkworth gauge (210004)
on the adjacent Wollombi Brook. Erskine (1996) estimates the 1949 flood to be 27
times the mean annual flood for this river, and accordingly it appears to lie within the
top quarter of observations from eastern Australia.
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Figure 2.11: Maximum of the peak instantaneous discharge rates, normalised against catchment area
for gauging stations east of Australia’s Great Dividing Range. The Macdonald stations are 212010 and
218008 whilst for the Tuross, station 218008 and 218005 are plotted. Also shown is an observation of
the Wollombi Brook at Warkworth (210004) which recorded the June 1949 event.
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2.3 Floodplain Formation and Evolution
The alluvial deposits of the Tuross and Macdonald Rivers are primarily a combination
of floodplain and channel sediments. In this section, the processes by which floodplain
deposits are formed and models of their evolution are reviewed.
2.3.1 Models of Floodplain Formation
Floodplain formation is a process of sequestration of part of the sediment load of a
river into alluvial deposits adjacent to the channel. Sediment deposition results from
the movement of high energy sediment-laden flow from the main flow thread of the
channel to lower energy environments on the floodplain. Vertically accreted and lat-
erally accreted floodplain deposits represent the two common depositional styles, and
result from different hydraulic behaviour of the flow within the channel and on the
floodplain. In this study, the definition of the floodplain is taken from Leopold et al.
(1964), who define it as “the surface being constructed by the existing stream”. The
emphasis of this definition is on construction by sediment deposition, which implies
inundation of the floodplain by flood flows on a regular or periodic basis, and differs
from other approaches using vegetation characteristics or bench morphology as the
definitive criteria (Williams, 1978; Woodyer, 1968).
The inundation frequency of the floodplain can be highly variable from site to site,
controlled partially by the hydrologic regime and partially by the morphology of the
channel and hence its evolutionary history. It can be expressed as the recurrence inter-
val of the bankfull discharge rate calculated from observations of the flood history of
the river, typically the annual maximum series. Data from North America presented by
Wolman and Leopold (1957) and Leopold et al. (1964) suggested bankfull discharge
occurred about once every 1 to 2 years. A subsequent study from the Cumberland
Basin near Sydney showed the return period of bankfull discharge to lie in the range
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of 4 to 10 year range (Pickup and Warner, 1976) whilst Williams (1978) observed an
even larger range from one year to many decades.
Varying definitions of the bank full level and non-equilibrium channel morphology
(eg. Brooks et al., 2003) partially contributes this variability. However, it is proposed
here that an alluvial surface with a mean return period of 100, 50 or even 20 years
constitues a terrace, or at least an abandoned floodplain, whilst an alluvial surface
inundated annually would most likely represent a transient sediment bar or shoal rather
than a true floodplain.
2.3.1.1 Floodplain Formation by Lateral Accretion
The process of lateral accretion of sediments to form a floodplain is generally associ-
ated with meandering rivers and can produce the distinctive ridge and swale topogra-
phy of such flood plain surfaces through formation of scroll bars. Sediments aggrade
on the inner bank (point bar) of meanders, transported there by helical flow within the
channel (Thorne and Furbish, 1995) scouring bedload from the thalweg up onto the
point bars (Allen, 1970). Deposition upon the point bar may occur as a single layer
diminishing in thickness from the channel to the floodplain (Wolman and Leopold,
1957) or as discrete ridge to form a scroll bar through the action of secondary flow
separation currents (Nanson, 1980). Lateral floodplain accretion is dependent upon
channel migration. Nanson and Hickin (1986) note that the rate at which river bends
migrate across the valley floor appears to be related to the curvature of the channel.
A condition for this style of floodplain deposition to occur is that the valley width
should be substantially wider than the radius of curvature of the meander bends in
order to allow for free migration of the channel across the valley floor. The mean-
der wavelength and the radius of curvature have been widely found to be 10-14 and
2-3 times channel width, respectively, and channel width commonly scales with dis-
charge (Leopold et al., 1964; Williams, 1986; Knighton, 1998). Hence, the capacity
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for meanders to form, migrate, and lay laterally accreted floodplain deposits is in part
determined by the magnitude of the river’s discharge in relation to its valley setting.
2.3.1.2 Floodplain Formation by Vertical Accretion
In many of the valleys east of Australia’s Great Dividing Range, vertically accreted
floodplains predominate. This arguably arises from the narrow, deeply incised valleys
that inhibit meander development and migration. The process of vertical accretion of
sediments essentially involves an advective transfer of flow momentum and sediment
from the deep, high energy flow thread within the channel to overbank regions during
floods. If flow energy on these overbank regions is lower than that of the channel,
deposition of sediment will occur (Pizzuto, 1987). Irregular floodplain topography
(Nanson, 1986; Walker et al., 1997) and features such as crevasse splays often form.
Nonetheless, a consistent decline in grain size away from the channel is a charac-
teristic of vertically accreted overbank deposits and reflects the declining capacity of
the flow to transport sediment with increasing distance from the channel (Kesel et al.,
1974; Cazanacli and Smith, 1998), though flood chutes can leave coarse sediment de-
posits upon a floodplain. Levees, defined as prismatic sedimentary bodies adjacent to
the channel and consisting of triangular cross section raised above the adjacent flood
plain and aligned parallel to the channel (Brierley et al., 1997), are common features
on vertically accreted floodplains. Levees typically experience high deposition rates
(Kesel et al., 1974), but low lying flood basins further from the channel which are
commonly richer in silt and clay sized particles can also aggrade rapidly (Asselman
and Middelkoop, 1995; Cazanacli and Smith, 1998).
Vertically accreted floodplains have been observed in low energy semi-confined
stream environments along the New South Wales coast by Nanson and Young (1981).
They attributed their formation to a strong reduction in channel capacity downstream,
progressively forcing ever greater flood flows out of the channels and onto the flood-
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plains where sediment settles from the water column. By contrast, Cazanacli and
Smith (1998) note the presence of vertically accreted floodplains along unconfined
lowlands where they occur as part of a frequently avulsing channel complex flowing
into a lake. The process of vertical accretion of floodplains in this case gradually leads
to a decrease in relief of abandoned channels as low lying former channels fill with
fine grained sediments.
Of significance to this study are the vertically accreted floodplains found in rel-
atively narrow and moderately steep valleys. Brakenridge (1984) described a suite
of vertically accreted flood plain deposits along the Duck River in Tennessee. The
river flows over bedrock along the study reach and the channel occupies one third to
one fifth of the valley floor and is strongly controlled in planform by bedrock val-
ley walls. This is a setting equivalent to that found for many rivers east of the Great
Dividing Range in Australia. Floodplain sediments within the valley were built up
through vertical accretion of suspended load and lateral accretion of river banks and
in-channel bars. Detailed reconstructions of floodplain stratigraphy and chronology
revealed a sequence of sedimentary units, sometimes expressed vertically as terraces
stacked side by side across the valley floor, though with occasional overarching sedi-
mentary drapes. Brakenridge interpreted this depositional record as reflecting periodic
occurrences of either channel widening or switching of the channel’s position laterally
across the valley floor.
2.3.2 Catastrophic Floodplain Stripping
Nanson (1986) recognised a similar pattern floodplain evolution in the Clyde and Man-
ning valleys of Australia’s east coast to that described by Brakenridge (1984) . In these
valleys, floodplains had accreted adjacent to laterally stable channels through overbank
deposition of fine grained alluvium. Initial deposition rates appeared to be high such
that the bulk of the alluvium originated from a few major events, followed by more
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gradual incremental growth. Nanson argued that preferential growth of the floodplains
with respect to the channel concentrated flow energy within the channel.
It was then argued that the inevitable occurrence of either a single or a series of
closely spaced floods within such confining channels leads to erosive forces greatly
in excess of erosional thresholds. Large scale stripping of the fine grained alluvial
deposits down to some basal gravel lag layer could then easily occur. The chronology
of floodplain deposits studied by Nanson (1986) suggested that floodplain growth and
destruction of this type occurred once every ∼ 300 to 2600 yrs, implying multiple
cycles of floodplain growth and destruction throughout the Holocene.
The key features of the Nanson (1986) floodplain evolution model are as follows:
• Progressive growth of the floodplain and particularly the levees by moderate
floods is a necessary pre-requisite for the eventual destruction of the floodplain.
• Floodplain erosion and construction of this type need not imply changed hydro-
logic conditions, particularly in the highly variable hydrologic environment of
Australia (Finlayson and McMahon, 1988).
• Floodplain aggradation and erosion may be localised within a valley.
• Erosion of floodplain deposits represents exceedance of some geomorphic thresh-
old condition, and that floodplain erosion within one or a number of closely
spaced events is rapid once it had started.
The first contention that the progressive growth of the floodplains and particu-
larly the levees by moderate events influences the eventual demise of the floodplain
is argued on the basis of the hydraulic conditions associated with various channel and
floodplain morphologies. Flow energy, or erosive potential is recognised to be related
to hydraulic variables such as boundary shear stress, mean stream power or flow ve-
locity. Boundary shear stress, τ, is the force exerted by the flow per unit wetted area,
and is given by:
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τ = ρgRS (2.2)
where ρ is the density of water, g is the acceleration due to gravity, R is the hy-
draulic radius of the flow calculated as cross sectional area of flow divided by the
wetted perimeter and S is the slope. Mean stream power, ω, is defined as the energy
expenditure rate of the flow per unit bed area (Rhoads, 1987), and is given as:
ω = ρgRV S = ρgQS/W (2.3)
where V is mean flow velocity, Q is discharge and W is channel width. Flow
velocity can be computed as:
V =
1
n
R2/3S1/2 (2.4)
with n being the Mannings roughness coefficient. Shallower flows for a given flow
cross section will result in decreased values of R, with commensurate reductions in the
values of τ, ω and V .
A channel–floodplain assemblage at an early stage of the Nanson (1986) floodplain
growth model with relatively low banks and levees will allow flow to spill out across
the flood plain surface at relatively low main channel flow depths, keeping flow energy
in the channel in particular low. Conversely, a channel–floodplain complex that has
been aggrading for a longer time with pronounced levees rising to a greater depth
above the channel will have a much greater hydraulic radius, bankfull discharge rate
and flow velocity. It is then argued that due to its morphology this channel is more
likely to reach and exceed some critical threshold of erosion during a large, but not
necessarily unprecedented flood, resulting in large scale floodplain stripping (Nanson,
1986).
The implication that the periodic erosion and reconstruction of floodplain fea-
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tures may be partially controlled by intrinsic morphologic factors (such as floodplain
growth) rather than externally driven hydro-climatic shifts is an important concept.
Extensive evidence for regionally synchronous fluvial and lacustrine behaviour across
Australia over the last glacial cycle does indeed suggest that hydro-climatic changes
were a highly significant forcing mechanism (Nanson et al., 1992), but distinguish-
ing between changing hydrologic conditions and inherent landscape instability is an
important task, particularly for the Holocene.
The contention that floodplain erosion and construction may be localised within a
valley implies that localised site specific conditions may be the primary control on
late Holocene patterns of floodplain growth. Many floodplain deposits within the
rivers east of the Great Dividing Range exist in sheltered pockets within the curved
bedrock valleys and do not have longitudinal continuity with other neighbouring flood-
plain pockets and thus may erode independently of other sites. If such behaviour was
widespread, a range of ages for what may be floodplain deposits of similar morphology
and sedimentology would be expected.
The model of floodplain evolution proposed by Nanson (1986) is conceptually
important when examining floodplain development in relatively high energy confined
valley settings. It has been suggested as an important process operating along both the
Tuross River by Ferguson (1999) and the Wheeny Creek tributary of the Colo River
by Webb et al. (2002). However, to demonstrate conclusively that floodplain stripping
has occurred, detailed stratigraphic and chronologic observations showing an erosional
disconformity are necessary. Whilst Nanson et al. (2003) present such evidence from
the Cranebrook Terrace on the Nepean River, it remains to be presented in support of
the claimed “episodic cleanout of the complete valley floor trough by rainfall generated
cataclysmic events” for sites such as Wheeny Creek (Webb et al., 2002).
Chapter 3
Data and Methods
This study is concerned with the shape and structure of alluvial landforms and the tim-
ing and circumstances of their formation. It has been necessary to conduct detailed
topographic surveying of valley cross sections and longitudinal profiles to characterise
the morphology of these landforms. Two chronologic techniques, radiocarbon and
optically stimulated luminescence (OSL) dating have been applied to assess the time
of sediment deposition and hence time of landform formation. In addition, the hy-
draulic and hydrologic characteristics of the two rivers studied here and their relation-
ships with the landscape morphology provide additional insights into the formative
processes. The methodology of these analyses and the origin of a variety of data dis-
cussed in this thesis are now presented.
3.1 Topographic Surveying
Topographic surveying was undertaken using a Leica TC-1010 total station to survey
relative coordinates and two Trimble 4800 global positioning system (GPS) receivers
to provide coordinate information relative to established data. The TC-1010 total sta-
tion was found to readily give a three dimensional reproducibility of re-occupied sur-
vey points of ±5cm under typical operating conditions. For the GPS observations, the
horizontal and vertical precision of a sample of 112 survey points is shown in Fig-
ure 3.1 and demonstrates horizontal coordinate precision was commonly better than
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±2cm, though could be as poor as ±4cm and in the vertical plane, precision was com-
monly better than ±5cm, though could be as poor as ±12cm. The AUSGEOID98
model (Johnstone and Featherstone, 1998) was used to calculate geoid–ellipsoid sepa-
ration values necessary for converting GPS elevation observations to Australian Height
Datum (referred to in this document as AHD). Survey points were tied to AHD by sur-
veying back to points of known height such as bench marks or permanent marks in the
vicinity of the field sites.
horizontal vertical
0
1
2
3
4
5
6
7
8
9
10
11
12
Pr
ec
is
io
n 
(cm
)
Figure 3.1: Estimates of the horizontal and vertical precision obtained for 112 points surveyed using
the global positioning system and processed using Trimble Geomatics Office version 1.50.
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3.2 Stratigraphic Drilling
A truck mounted drill rig was used for collection of sediment cores from floodplains.
Hollow augers were sunk through the floodplain sediments and a 50mm core barrel
(38mm for part of the Pams Farm bar crest core) was driven beyond the auger tip
to collect the sediment. Typically, the core barrel was advanced 30 to 50cm into the
sediments at a time. The cored sediments were extruded on site and wrapped in plastic.
Samples for luminescence analysis were extruded directly into double thickness black
plastic core sleeves to prevent light reaching the samples. Hand augering of sediments
was also undertaken for reconnaissance stratigraphic analysis.
3.3 Sedimentologic Analysis
The cored sediments were photographed using a tripod mounted digital camera to
provide a visual record of the cores prior to sedimentologic analysis. As all cores
originated from vertically accreted floodplain deposits the sedimentary structures were
horizontally oriented. The sediments were divided into depositional layers typically
comprising coarser sandy basal sediments grading upwards to a finer textured surface
layer enriched in silt and clay. The silt-clay content (particles less than 63µm) of the
top and the bottom of selected depositional layers were measured by wet sieving with a
63µm mesh seive. For these samples, the modal and coarsest particle size was visually
estimated using a hand lens and particle size chart.
Samples of detrital charcoal for radiocarbon dating were extracted from their de-
positional horizons and immersed in an ultrasonic bath for 15 to 60 minutes prior to
wet sieving using 1 to 2mm mesh sieves to recover the coarser charcoal fragments.
Samples for luminescence analyses were extracted from the core segments under sub-
dued red light and stored in light proof packages. The water content of the sediment
samples was measured by oven drying a sub-sample of sediment adjacent to the lu-
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minescence sample and calculating the mass difference due to evaporation. For each
luminescence sample, 300g of sediment from near the luminescence sample was ex-
tracted for gamma spectroscopy. This sediment was oven dried, ground to a fine flour,
mixed with a polyester resin and cast into a cup shaped mould. These cast samples
were left to sit for at least 23 days prior to spectrometric measurement.
3.4 Aerial Photographs
Historic air photographs from both catchments were used to identify and quantify
changes to channel morphology for the Macdonald and Tuross River. These pho-
tographs were obtained from New South Wales Land and Property Information. For
the Macdonald, the Mellong 1941 series and the St Albans 1953-4 series photographs
were obtained, whilst for the Tuross, the Nerrigundah 1944 series was obtained.
These photographs were scanned at 600 dots per inch resolution, then digitally
merged to form a single mosaic using the river bed as the alignment feature. This mo-
saiced image was then georeferenced to the Australian Map Grid using a least squares
algorithm and at least 30 control points read from 1:25000 scale topographic maps.
The combination of flying height, photograph size and scanning resolution produced
georeferenced images with a pixel resolution of 1 to 2m, from which river bed width
and other positional attributes could be measured.
3.5 Bore Logs
Numerous groundwater bore holes have been sunk within the two study catchments
and the relevant bore logs which provide additional stratigraphic observations were
obtained from the New South Wales Department of Land and Water Conservation.
The stratigraphic detail and accuracy of these bore logs is highly variable. However,
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Station Name Numbera Periodb Daily Pc IFDd Mean T & P e Evapf
Kindarun 061030 1941-1975 Y
Kulnurra 061029 1951-1981 Y Y
Lithgow NA NA Y
Milbrodale 061309 1969-1998 Y
Richmond RAAF 067033 1928-1994 Y Y
St Albans 061222 1963-1998 Y
Sydney NA NA Y
Table 3.1: Climatic stations of the Macdonald River region. a Bureau of Meteorology station numberb
Period of observation, c historical daily precipitation data, d rainfall intensity-frequency-duration data,
e monthly mean daily minimum and maximum temperature and mean monthly rainfall data, f daily pan
evaporation.
a small proportion provide useful information about the deeper stratigraphy within the
two valleys, particularly within their estuarine zones.
3.6 Climate Data
Mean climate data and historical climate records were obtained for stations in the
vicinity of the study sites from the Bureau of Meteorology. For the Macdonald and
Tuross Rivers, listings of the local climate stations and their characteristics are given
in Tables 3.1 and 3.2. Rainfall intensity-frequency-duration statistics were obtained
from the database associated with the Jenkins (2002) intensity-frequency-duration cal-
culation software which employs algorithms presented in Canterford et al. (1987).
3.7 Hydrographic Data
3.7.1 Observational Hydrographic Data
Stream discharge measurement typically consist of a stage height measurement and
a rating curve expressing the relationship between stage height and discharge. Stage
height measurements comprise a mixture of manually read daily observations, man-
ual observations during floods to capture the peak and automated measurements at
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Station Name Numbera Periodb Daily Pc IFDd Mean T & P e Evapf
Narooma 069022 1910-2001 Y Y
Braidwood 069010 1887-2001 Y
Bodalla State Forest 069007 1936-1961 Y
Nimmitabel 070067 1894-2001 Y
Cobargo 069014 Fig. ref Y
Bodalla Post Off. 069036 Fig. ref Y
Belowra 006037 Fig. ref Y
Nerrigundah 069059 Fig. ref Y
Snowball 069062 Fig. ref Y
Table 3.2: Climate stations of the Tuross River region. a Bureau of Meteorology station number, b
Period of observation, c historical daily precipitation data, d rainfall intensity-frequency-duration data,
e monthly mean daily minimum and maximum temperature and mean monthly rainfall data, f daily pan
evaporation.
fixed time intervals. The rating curve for a gauging site is established by the local
hydrographic agency through current meter derived discharge estimates (“gaugings”)
at particular stage heights. The accuracy of this rating curve affects the accuracy of
the discharge estimates and for estimating flood discharges in particular it is highly
desirable for the gaugings to cover high stage heights of flood flows.
Peak instantaneous annual maximum discharge rates were obtained for a selec-
tion of gauging stations east of Australia’s Great Dividing Range. This data has been
used to measure flood variability for different drainage basins and to calculate flood
frequency distributions for the two catchments studied here. These observations com-
prise the maximum observed discharge rate for a given hydrologic year, defined as a
calender year for New South Wales and Victoria and from winter to winter for Queens-
land stations.
Discharge data for the Macdonald and Tuross Rivers was obtained from the NSW
Department of Land and Water Conservation’s Pinneena database. Listings of the
stream gauges along the Macdonald and Tuross Rivers are given in Tables 3.3 and 3.4,
with their locations shown in Figures 4.1 and 5.2.
3.7 Hydrographic Data 55
Station Location Period Area Qmax
(km2) (m3/s)
212021 Howes Valley 1974-1992 299 501 in 1977
212010 St Albans 1954-1990a 1680 891 in 1978
Table 3.3: Macdonald River gauging stations. a Peak instantaneous annual maxima records are not
available for the years 1956, 1957, 1960, 1961, 1970 and 1971 for this station.
Station Location Period Area Qmax Last recent flood
(km2) (m3/s) (m3/s)
218001 Tuross Vale 1948–2000a 93 177 in 1978 146 in 1991
218002 Belowra 1954–1984 556 895 in 1978 NA
218005 D/S Wadbilliga R. 1964–1999 900 2061 in 1978 1862 in 1991
1196 in 1992
218008 Eurobodalla 1978-1999 1620 2663 in 1992 2228 in 1991
2181 in 1978
Table 3.4: Tuross River gauging stations. a missing annual maxima records between 1962–69.
3.7.2 Modelled Hydrographic Data
Recourse is made to reconstructed discharge data, produced initially for the National
Land and Water Resources Audit, in order to investigate hydrologic trends of the twen-
tieth century. This data consists of monthly discharge reconstructions calculated using
a modified version of the HYDROLOG daily rainfall runoff model (Porter and McMa-
hon, 1975; Chiew and McMahon, 1994; Peel et al., 2000). Interpolated daily rainfall
data generated on an Australia-wide 5 km grid was combined with local evapotranspi-
ration parameters and fed into the model to generate predictions for selected gauging
stations around Australia. The two diagnostic statistics pertaining to the model fit
provided by Peel et al. (2000) are as follows:
1. The dimensionless coefficient of efficiency, E, is defined as
E =
n
∑
i=1
(
RECi−REC
)2− n∑
i=1
(ESTi−RECi)2
n
∑
i=1
(
RECi−REC
)2 (3.1)
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where EST,REC are the estimated and recorded stream flows for month i. The
overline denotes the mean. The coefficient of efficiency describes the proportion
of recorded stream flow variance that is described by the model; when E = 1,
the model exactly reproduces the monthly stream flow.
2. A comparison of the total estimated and recorded streamflow as a percentage of
the total recorded streamflow, TVOL:
TVOL =
n
∑
i=1
ESTi−
n
∑
i=1
RECi
n
∑
i=1
RECi
×100 (3.2)
For the Macdonald River, modelled discharge data for station 212021 (Macdonald
River at Howes Valley) was used. For this station the model was calibrated against 11
years of observed monthly flows and modelled rainfall values (Peel et al., 2000). The
diagnostic statistics are reported for both a calibration analysis (and given the subscript
cal) and for a validation analysis using data withheld from the calibration (subscript
val). For station 212021, Ecal = 0.812 and TVOLcal = 4.957, whilst for validation
analysis Eval = 0.686 and TVOLval =-10.958 ie. for the period of record retained from
the calibration analysis, the modelled stream flow was ∼11% less than that observed.
On the basis of these model diagnostics, Peel et al. (2000) judged the model fit to be in
their lowest acceptable class of model fit. Figure 3.2 shows a comparison of modelled
and observed data for this station.
For the Tuross River, discharge predictions for the Belowra gauging station (num-
ber 218002) have been used. For this prediction Ecal = 0.938 and TVOLcal = 2.302,
whilst for validation analysis Eval = 0.803 and TVOLval =-10.424. The quality of the
modelled discharge data was assessed as passable by Peel et al. (2000). Figure 3.3
shows the modelled monthly discharge of the Tuross River at the Belowra gauging
station predicted by Peel et al. (2000) and the observed discharge for twenty years
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Figure 3.2: Observed and modelled monthly runoff for the Macdonald River at Howes Valley gaug-
ing station (212021) for 1977 to 1992 as calculated from the HYDROLOG model. Top plot shows
times series comparison of flows, bottom plot is a scatter plot of observed versus predicted monthly
discharges.
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from July 1954 with the observed data plotted for reference. The major peaks in the
observed time series are present in the modelled stream flow series, yet a tendency
for systematic under-prediction of monthly runoff for months with observed runoff in
excess of 30mm is evident in the data.
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Figure 3.3: Observed and modelled monthly runoff for the Tuross River at Belowra for the twenty years
from 1954. Top plot shows times series comparison of flows, bottom plot is a scatter plot of observed
versus predicted monthly discharges.
3.7.3 Flood Frequency Analysis
The annual maximum flood series is commonly analysed within a magnitude-frequency
framework in order to estimate an annual exceedance probability (or mean return pe-
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riod) for floods of a specified magnitude. The log Pearson type III (LP3) probability
distribution has been shown to be a widely applicable probability density function for
modelling annual maximum flood data in both Australia and the United States (Pil-
grim and Doran, 1987; Stedinger et al., 1993). The mathematical expression for the
probability density function of the log Pearson type III distribution can be found in
Stedinger et al. (1993). The method of moments procedure of Pilgrim and Doran
(1987) for fitting log Pearson III distributions to annual maximum flood data has been
followed in this study. This procedure entails calculating the first, second and third
moments of the base 10 logarithms of the data (these moments being the the mean,
standard deviation and skewness respectively) and estimating the flood quantiles using
these parameters. For the n observed flood peaks log10(X1, . . . ,Xn), the mean, variance
and skewness respectively are calculated as:
µˆx = ¯X =
n
∑
i=1
Xi
n
(3.3)
σˆx = S2 =
[ n∑
i=1
(Xi− ¯X)2
n−1
]
(3.4)
γˆx = G =
n
n
∑
i=1
(Xi− ¯X)3
(n−1)(n−2)S3 (3.5)
To assess the quality of the LP3 fit, the observed data are plotted using the Cunnane
plotting position on a normal probability scale. The estimated average recurrence in-
terval ARI (equal to the reciprocal of the annual exceedence probability) is calculated
as:
ARI =
i−0.4
n+0.2 (3.6)
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Note that when using the Cunnane plotting position, the event of rank 1 has an
estimated average recurrence interval of 1.67n+ 0.3 years (Stedinger et al., 1993),
where n is the number of years in the record.
3.7.4 Hydraulic Properties of Open Channel Flow
In the absence of a rating curve for a channel section the discharge corresponding to
specified stage heights can be calculated using empirical relationships relating flow
depth, hydraulic gradient and flow resistance to velocity and by integration across
a channel cross section to discharge. The HEC-RAS hydraulic modelling software
(version 3.0.1) has been used to conduct cross sectional hydraulic modelling (USACE,
2001). For a given cross section discharge, Q, is calculated as follows:
Q = KS1/2f (3.7)
with K being the cross sectional conveyance and S f being the representative fric-
tion slope along the river reach. In this study, the value of the bed gradient is taken to
be equivalent to S f . K is calculated as:
K =
1
n
AR2/3 (3.8)
with n being the Mannings roughness coefficient, A being the cross sectional area
of flow and R being the hydraulic radius of the flow (area / wetted perimeter). Pub-
lished values of n exist for a variety of channel types (Barnes, 1967), but are best cal-
culated for a specific site and for a specific discharge rate on the basis of the gaugings
measured for a particular gauging station.
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3.8 Tidal Data
Tidal predictions, based on astronomical forcing under average meteorologic condi-
tions for the principal tide gauges between Newcastle and Wollongong were obtained
from the 2002 edition of the Australian National Tide Tables (Australian Hydrographic
Service, 2002a). In addition, observations of water level for approximately 3 days in
late August 2003 at a number of secondary tide gauges within or near the Hawkesbury
and Tuross estuaries were obtained from the Manly Hydraulics Laboratory web site
and serve to illustrate water heights throughout the tide cycle.
3.9 Geochronological Methods
Radiocarbon dating of buried detrital charcoal fragments and optically stimulated lu-
minescence dating of quartz grains were used in this study to provide deposition ages
for floodplain deposits. The principles of these dating techniques are now reviewed.
3.9.1 Radiocarbon Dating
Radiocarbon dating is based on the radioactive decay of 14C within a sample. High
energy cosmic rays impinging on the stratosphere form 14C from 14N in the following
reaction:
14N+n→ 14C+p (3.9)
where n is a neutron and p a proton. 14C is rapidly oxidised to 14CO2. Global at-
mospheric circulation leads to the mixing of atmospheric 14C around the globe, where
it may be photosynthesised by plants and incorporated into plant tissue (Libby, 1952).
The concentration of 14C within plant tissue remains in equilibrium with the atmo-
sphere whilst the plant is living. Upon the death of the plant, the exchange of 14C with
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the atmosphere ceases, and the 14C content of the dead plant tissue declines over time
as the 14C decays to 14N as follows:
14C→ 14N+β (3.10)
where β is a beta particle (an electron). The half life of 14C was originally as-
sessed assessed as 5568±30 years (Libby, 1952), though subsequent measurements
revealed it to be closer to 5730 years (Goodwin, 1962). The established convention for
radiocarbon age calculations is to use the “Libby” half life of 5568 years, necessitat-
ing a correction in conversion to calendar years which is typically carried out during
a calibration process (Stuiver and Polach, 1977; Bradley, 1985). Measurement of the
radiocarbon content can be made by measuring the radioactive decay of 14C using liq-
uid scintillation counting (Bradley, 1985). In this process, the carbon of the sample
is converted to benzene, mixed with a scintillation liquid and placed in a scintillation
counter where β particles (electrons) emitted during the decay process are counted.
Their rate of emission is proportional to the radiocarbon content of the sample allow-
ing an estimate of the radiocarbon content and hence radiocarbon age of the sample to
be made.
A radiocarbon age does not, however, equal the age of the sample in sidereal years.
This discrepancy arises partly because the Libby half life for 14C not equal the true
half life of this isotope, but more importantly, from variations of atmospheric 14C
concentrations through time. Such variation departs from the assumption of uniform
14C concentrations (or alternatively the 14C/12C ratio) through time made in calcu-
lating the conventional radiocarbon age. To correct for this, a calibration procedure
must be undertaken to convert conventional radiocarbon ages to calender ages (Stuiver
and Suess, 1966). Version 3.8 of the Oxcal radiocarbon calibration software (Bronk-
Ramsey, 2001) which uses atmospheric 14C data contained in Stuiver et al. (1998)
derived from dendro-chronologically dated wood extending back to 11850 years BP
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has been used in this study to calibrate conventional radiocarbon ages.
3.9.1.1 Dating Fluvial Deposits with Radiocarbon From Detrital Charcoal
Radiocarbon dating is often applied to detrital charcoal fragments found within fluvial
sedimentary deposits in order to estimate the time of deposition of the sediment body.
The radiocarbon age of charcoal from a sedimentary deposit may not correspond to
the age of the depositional event due to a number of factors. Radiocarbon dating
essentially measures the time elapsed since photosynthesis ceased on the plant from
which the charcoal was derived. The time elapsed between death of the plant tissue,
combustion to charcoal, transport through a catchment in a river system and burial
within a fluvial deposit will vary according to any number of environmental factors,
potentially giving charcoal found within a modern fluvial deposit some non-zero age.
The critical issue becomes the magnitude of this “in-built” age relative to the true
age of the sample. Gavin (2001) found ages for charcoal fragments within a con-
temporary soil horizon ranged from 0 to 670 14C years for samples from Vancouver
Island of western Canada. Additionally and specific to the fluvial geomorphology con-
text, erosion and re-deposition of ancient fluvial sediments containing “aged” charcoal
fragments by the contemporary river also has the potential to give non-modern ages
for what are essentially modern fluvial deposits (Blong and Gillespie, 1978).
Aside from these “time to deposition” effects just described, the movement of car-
bon within a sedimentary body must also be addressed as enrichment of 14C to a gen-
uinely ancient and hence 14C depleted sample will contribute to an underestimation
of the true sample age. Carbonate compounds may be mobilised within groundwater
bodies, and variations in aquifer levels due to hydrologic changes such as seasonal pre-
cipitation cycles or secular changes can lead to multiple wetting and drying episodes
of floodplain sediments with concomitant dissolution and deposition of groundwater-
borne carbonate compounds upon charcoal fragments. Additionally, humic and fulvic
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compounds sourced from decomposition of organic material growing upon overlying
ground surfaces can be dissolved by rainwater and then leached downwards through
the floodplain sediments, again with the possibility of absorption or precipitation upon
buried charcoal within underlying sedimentary horizons (Goh and Molloy, 1979; Gille-
spie et al., 1992; Gillespie, 1997).
Laboratory pre-treatment methods are employed to remove such contamination.
An acid-base-acid pre-treatment has been used here for treating charcoal fragments
and involves boiling the sample in dilute hydrochloric acid to remove carbonate com-
pounds, rinsing with copious amounts of de-ionised water followed by a second boil-
ing step in sodium hydroxide to remove humic and fulvic acid compounds followed
again by copious rinsing in de-ionised water (Olsson, 1979). Exchange with atmo-
spheric carbon dioxide gas can occur during the sodium hydroxide boiling phase and
to remove this contamination, a final boiling step using dilute hydrochloric acid is un-
dertaken. The sample containing the purified charcoal is then rinsed and oven dried
before the initial combustion step of radiocarbon dating. Radiocarbon analyses in this
study were performed by Abaz Alimanovic and Damien Kelleher of the Radiocarbon
Dating Laboratory at the Australian National University.
3.9.2 Luminescence Dating
Luminescence dating, when applied to sediments, is essentially a technique for estab-
lishing the cumulative radiation dose that constituent mineral grains within a sediment
body have received. Exposure to ionising radiation (sourced from cosmic rays, ra-
dionuclides in the surrounding soil and within the mineral grains) generates a popula-
tion of trapped charge within quartz crystals which, upon stimulation by light in the
case of optically stimulated luminescence (OSL) or heat in the case of thermolumines-
cence (TL), are liberated from their trapped positions back to lower energy positions
within the crystal lattice. It is upon recapture of these charges that a photon of light is
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released. Measurement of these emitted photons, or the sample’s “luminescence”, pro-
vides information about the cumulative radiation dose (palaeodose) a sample has been
exposed to, and by comparison of this palaeodose with the measured radiation dose
per unit time (the dose rate), an estimate of the time of the sample can be obtained.
In the context of geomorphological research, quartz grains have proved to be suit-
able natural dosimeters for luminescence dating, though other minerals such as zircons
and feldspars may be used (Aitken, 1998). As sunlight exposure releases (“bleaches”)
the trapped charge population, luminescence dating allows for the direct dating of sed-
iment burial as it is only through shielding from light (through burial for example) that
a trapped charge population can build up.
OSL dating has advantages over radiocarbon dating of sedimentary deposits us-
ing detrital charcoal, in that it avoids the need to make assumptions about the age of
the charcoal prior to deposition (Blong and Gillespie, 1978). It also avoids introduc-
ing additional uncertainty in the resulting age by avoiding the need for a calibration
process.
3.9.2.1 Bleaching of Luminescence Prior to Burial
The complete resetting, or bleaching, of the luminescence signal by exposure to sun-
light has been a long standing pre-requisite for luminescence dating of sedimentary
deposits. Stokes and Gaylord (1993) examined the depletion of both the TL and OSL
signals from a Wyoming dune sand after exposure to daylight and clearly demonstrated
that the optically stimulated luminescence signal was bleached substantially faster than
the thermally stimulated luminescence signal. Sunlight exposure for a few tens of min-
utes reduced the OSL signal to <1% of its original value. By contrast, after 4 hours
of sunlight exposure the TL levels remained at >60% of their pre-exposure value, and
similar results have been found elsewhere (Wintle, 1997). Within the context of dat-
ing aeolian or fluvial sediments, this observation suggests that OSL can provide more
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accurate determinations of burial ages due to the greater likelihood of complete bleach-
ing of the luminescence signal prior to burial than is possible with TL analysis. Whilst
the advantage of more rapid bleaching of OSL compared to TL stands, observations of
incompletely bleached OSL samples, particularly from fluvial environments, remain
commonplace (Li, 1994; Rhodes and Pownall, 1994; Murray et al., 1995). Fortunately,
recent improvements in palaeo-dose measurement and its interpretation have enabled
potential difficulties arising from partial bleaching of sediments to be addressed.
3.9.2.2 Burial Dose Determination Using OSL
The cumulative radiation dose a sample has received in antiquity is assessed by calcu-
lating a laboratory dose which gives rise to equivalent luminescence as that observed
from a non-dosed sample. This laboratory dose is called an equivalent dose. Proce-
dures exist for estimating the equivalent dose using various combinations of sample
sizes and sub-sample combinations (Wintle, 1997; Aitken, 1998), however techniques
using just one sample of quartz grains per dating sample (“a single aliquot”) reduce
uncertainties in equivalent dose estimates arising from within-sample heterogeneity
(Duller, 1995; Murray et al., 1997; Duller et al., 2000). Furthermore, such techniques
are applicable to single quartz grains (Murray and Roberts, 1997) and allow for a dis-
tribution of equivalent dose to be constructed for a given dating sample. This last point
is important as the statistical analysis of these equivalent dose distributions allows for
the accurate dating of incompletely bleached samples.
Given a frequency distribution of dose equivalent values, the critical issue becomes
the selection of those that correspond to the true burial age as distinct from those high
dose equivalent values which are due to incomplete bleaching. Olley et al. (1999)
demonstrated, using a statistical model that the more asymmetric the frequency dis-
tribution the greater the probability that the grains with the lowest values would most
closely correspond to the true burial dose. This was confirmed by Olley et al. (in
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press) who compared OSL ages calculated using the traditional “central age model”
(that is taking a central measure of the De distribution as being indicative of the burial
dosage), a “minimum age model” (taking the burial dose from the lowest equivalent
dose population) and independent age controls (such as calibrated radiocarbon ages)
for a suite of Holocene aged samples. In this case, the “minimum age model” refers to
algorithms developed by Galbraith and Laslett (1993), van der Touw et al. (1997) and
Galbraith et al. (1999). In 9 of the 12 cases examined, the minimum age model cal-
culations provided the most accurate assessment of the burial dose, whilst central age
model burial dose estimations were up to a factor of 10 too high relative to the inde-
pendent dating controls. For the remaining three samples, both age models gave burial
dose estimates in accord with the independent age controls, leading to the inference
that these samples had been well bleached at the time of deposition.
The minimum age model algorithm assumes that within a positively skewed equiv-
alent dose distribution there lies, at the lower end of the distribution, a normally dis-
tributed sub-population of equivalent dose values that correspond to the grains prop-
erly bleached prior to deposition. The minimum age algorithm then starts at the lowest
equivalent dose value of the distribution and sequentially steps through the succes-
sively larger equivalent dose observations until it finds the minimum number of ob-
servations that adequately fit the lower half of a normal distribution. The burial dose
then is taken as the peak of this inferred sub-distribution. This model is illustrated
schematically in Figure 3.4.
3.9.2.3 Environmental Dose Rate Determination
The palaeo-dose measurement component of luminescence dating represents only half
the information required for age calculations. An estimate of the annual dose to which
the sample has been exposed must also be obtained. This dose rate consists of a cos-
mic ray component and a component derived from naturally occurring radionuclides
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Figure 3.4: Schematic illustration of how the minimum age model (Galbraith et al., 1999) algorithm
calculates burial doses from a positively skewed distribution of De values resulting from incomplete
bleaching. The grey line represents the observed De distribution. The black line shows the normally
distributed sub-population of grains taken to have been adequately bleached prior to burial which thus
provide the correct burial dose, Db. The heavy black line shows that part of this sub-population used
to determine Db, that is the minimum number of points that correspond to the lower half of a normal
distribution.
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present in the soil matrix in which sampled grains are embedded, plus an internally
derived dose arising from radionuclides within quartz grains.
The cosmic ray dose originates from electromagnetic radiation from space im-
pinging upon the earth. The earth’s magnetic field deflects part of this flux and it is
attenuated by both the atmosphere and overlying sediments, hence there are latitudinal,
elevation and burial depth influences upon the cosmic ray dose.
For the radionuclide component of the dose rate, the radiation dose of the sample
comes from decay of the parent isotopes 40K and 238U and 235U and 232Th, which are
found in most soil samples. The 40K nuclide decays to two stable isotopes, 40Ar and
40Ca, whilst the U and Th species decay sequentially to a number of intermediate ra-
dioactive daughter isotopes and have what are known as decay chains. The calculation
of dose rates for buried sediment bodies is made using “infinite matrix” assumption
that states for a sediment body of dimensions significantly larger than the ranges of the
dosing radiations (∼0.3m), the energy absorbed is equivalent to the energy emission.
Furthermore, it is taken that the sediment body is spatially uniform in its radiation
emission and attenuation characteristics (Aitken, 1985).
The dose rate from these radionuclides is proportional to their concentrations within
the sediments. For the radionuclides 238U, 235U and 232Th, additional considerations
must be given to the degree of disequilibrium within their decay chains. For the parent
isotopes, the half lives of their daughter isotopes commonly get shorter in succession
through the decay chain. After elapse of sufficient time within a chemically closed
system, a condition of secular equilibrium will be established where the decay rate
(activity concentration) of a parent-daughter combination is equivalent, and this will
eventually extend throughout the whole decay chain. Disequilibrium is the condition
where the activity of the parent and daughter isotopes are not equal. As fluvial sedi-
ments are far from a closed system, ample opportunity exists to strip and/or add various
nuclides to the sediment body, leading to the widespread observation of disequilibrium
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conditions within fluvial sediments (Murray et al., 1992; Plater et al., 1994; Prescott
and Hutton, 1995; Olley et al., 1996).
The degree of radioactive disequilibrium within the aforementioned decay chains
can be assessed using high resolution gamma spectrometry (Murray et al., 1987; Mur-
ray and Aitken, 1988) in which the activity of multiple nuclides can be measured.
Present day disequilibrium within the decay chains provides no information about how
long such conditions may have prevailed. Conversely, the existence of equilibrium
conditions at present provides no guarantee that such conditions prevailed in the past.
In either case, temporal variations in past dose rates cannot be ruled out. These is-
sues of potential dose rate variation through time due to possible past disequilibria are
commonly addressed by assuming that if the decay chains are in secular equilibrium at
present, it can be assumed that they have always been in such a state, or alternatively
that the dose rate measured at the time of sample collection has prevailed over the
history of the sample in question, and equilibrium need not necessarily be assumed in
this case (Olley et al., 1996).
The validity of these assumptions for dose rate calculations depends upon the de-
gree of disequilibrium and the nuclides involved. Olley et al. (1996) have shown that
the second assumption is relatively conservative and generally does not give rise to
errors larger than those arising in the process of calculating the De value of a sample.
Finally, the environmental dose rate arising from surrounding sediments must be
adjusted to account for attenuation of the radiation flux by water within the sediments.
Water is a highly efficient absorber of radiation on a weight for weight basis and mea-
surements of the water content of the sample must be used to reduce the “dry” radiation
dose. At present, uncertainties over the history of water contents within sedimentary
deposits represents one of the major factors limiting precision in luminescence dating
of fluvial deposits.
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3.9.2.4 Analytic Procedures for OSL
The OSL analyses in this study were carried out by Dr Jon Olley of CSIRO Land
and Water. Sand grains (180-212µm in diameter) were extracted from each sample
by wet sieving under subdued red light. The quartz grains were then etched in 40%
hydrofluoric acid for 50 minutes to remove the outer 10µm rinds (Aitken, 1985) and
to completely remove any feldspars. Acid-soluble fluorides were removed using 15%
hydrochloric acid solution.
The etched grains were loaded on to aluminium discs drilled with a 10 x 10 cham-
ber array with each chamber of 300µm depth and 300µm diameter (Bøtter-Jensen et al.,
2000). The OSL measurements were made on a RisøTL/OSL DA-15 reader using a
green (532nm) laser for optical stimulation, and the ultraviolet emissions were de-
tected by an Electron Tubes Ltd. 9235QA photomultiplier tube fitted with 7.5mm of
Hoya U-340 filter. Laboratory irradiations were conducted using a calibrated 90Sr/90Y
beta source mounted on the reader. Equivalent doses were determined using a single-
aliquot regenerative-dose protocol, in which a dose-response curve is constructed for
each grain e.g. Murray and Wintle (2000) and Yoshida et al. (2000). The OSL signals
were measured for 1s at 125◦C (laser at 90% power), using a preheat of 240◦C held for
10s for the ‘natural’ and regenerative doses, and a pre-heat to 160◦C for 10 seconds
for the test doses. The ‘fast’ component was determined from the initial 0.1 second
of data, using the final 0.2 seconds as background. Each disc was exposed to infrared
radiation for 40 seconds at 125◦C prior to measurement of the OSL signal to bleach
any residual feldspar components. The reported equivalent dose (De) uncertainties are
based on the counting statistics and curve fitting uncertainties. A test dose of 6.5Gy
was used for all samples.
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Chapter 4
Holocene Geomorphology of the
Macdonald River
4.1 Chapter Outline
This chapter presents observations of the fluvial geomorphology of the Macdonald
Valley. It commences with a synthesis of the catchment’s geologic, topographic, cli-
matic and hydrologic setting. An examination of the Holocene fluvial landforms of the
valley, their stratigraphy and the chronology for their formation is carried out. Finally,
there is an examination of the channel’s ongoing responses to major channel modi-
fying floods of the 1949-55 period. A synthesis of the Holocene valley evolution is
presented in the Discussion Chapter.
4.2 Geology
The Macdonald Valley lies within the Permo-Triassic Sydney Basin geological province
(Hall, 1927; Brunker and Rose, 1967). The Sydney Basin consists of gently dipping
to horizontally layered sandstones and shales, with the southern, western and northern
margins of the basin rising to between 500 and 1300 m above sea level. The large
scale drainage structure of the Sydney basin reflects the geological structure, with
rivers flowing from the basin margins to a region of low elevation in the vicinity of
Richmond, forming the Hawkesbury River. The Hawkesbury River then flows to the
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Pacific Ocean through a deeply incised gorge. The Macdonald River drains part of
the northern Sydney Basin, along with the larger Colo River to the west and smaller
Mangrove Creek to the east. Figure 4.1 shows the drainage structure of the northern
Hawkesbury-Nepean catchment with the catchment topography.
The Macdonald River has incised into the Triassic sandstones and shales of the
Sydney Basin in a manner similar to that of its neighbouring rivers. The Triassic
Hawkesbury sandstone consists of 61% detrital quartz grains, sub angular to sub-
rounded in form, with a further 20% of the rock consisting of matrix clay. Particles
larger than 6mm are rarely found in the Hawkesbury sandstone (Standard, 1969). Two
small and isolated Tertiary volcanic basalt outcrops are located south of Howes Valley
and form local high points within the catchment (Mt Yengo 669 m above sea level,
the other unnamed 594 m above sea level). These basalts have not been dated, but
their morphology and outcrop style (as erosion resistant caps overlying Sydney Basin
sandstones) is very similar to that of a series of more accessible basalt caps located 70
km to the southwest at Mt Wilson dated at 14 to 20 million years old by van der Beek
et al. (2001).
4.3 Topography
The Macdonald River has a catchment area of 1920 km2 at its confluence with the
Hawkesbury River. The Hunter Range (500 to 750 m above sea level) defines the
northern margin of the Macdonald and therefore the Hawkesbury-Nepean catchment
and separates the basin from the Hunter River system to the north. The long profile
of the Macdonald River as it flows south from the Hunter Range to the Hawkesbury is
shown in Figure 4.2.
Figure 4.1: Topography of the north eastern Hawkesbury-Nepean Basin as represented by a 9”
(∼250m) digital elevation model. For an indication of scale the margin tic marks are placed at 10km
increments.
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The long profile shows a steep headwater section as the river descends from the
Hunter Range, with gradients generally decreasing downstream apart from a steepened
section below Howes Valley. The channel is fully alluvial for at least 50km upstream
of its confluence with the Hawkesbury, and the alluvial bed probably extends to at least
the high gradient reach below Howes Valley.
The channel has sinuosity of 1.65 for its entire length and as Dury (1966) noted,
this sinuosity is almost entirely derived from bends that are deeply incised into bedrock.
The drainage pattern of the main channel network is sub-dendritic, characteristic of a
drainage system initiated on a gentle regional slope (Howard, 1967).
A topographic transect across part of the Macdonald Catchment is shown in Figure
4.3. The Macdonald River and its smaller tributaries reside in valleys of up to 250m
relief. The orientation of this transect is generally perpendicular to the local drainage
network, and shows major valleys spaced roughly 1000m apart.
The hypsometric curve for the Macdonald catchment calculated from a 9 arc-
second digital elevation model is shown in Figure 4.4. Relatively little of the catchment
area lies at elevations above 400 m or below 150 m elevation; the majority of the catch-
ment, (approximately 60% of the surface area), lies within 320 and 150 m elevation.
Extensive lowlands are clearly not a feature of the Macdonald Valley.
The hillslope morphology comprises a network of elongated ridges with rounded
lateral spurs extending off to the sides. The ridge crests undulate in elevation with
numerous saddles and rises along their length and can extend for over 30km. Gradients
of the hillslopes plotted in Figure 4.3 average 31 degrees (range 21 to 42 degrees).
Cliffs are a prominent hillslope element in much of the Triassic sandstone ter-
rain, and are present throughout the Macdonald River’s catchment. The cliff tops are
clustered between 100 and 200m elevation and are commonly in mid-slope positions,
separating steeper foot slopes from more gently sloping hill crests. Joint controlled
blocks of widely varying size lie upon the hillslopes below the cliffs.
Figure 4.3: Topographic transect across the Macdonald River above Higher Macdonald. Transect line
is slightly upstream of the ‘ds second ford’ site shown in Figure Figure 4.15. Vertical exaggeration is
16.
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Figure 4.4: Hypsometric curve for the Macdonald River catchment
Soil profiles upon the ridges and hillslopes can extend to 2.5m depth and commonly
consist of sandy soils towards the surface with increasing clay content through the
profile, and are generally yellowish to brown in colour. Weathered stone fragments
are almost always present in these hillslope soils. Figure 4.5 shows a cutting into a
hillslope on a south facing slope of a tributary of the Macdonald River, where a clay
and rock rich substrate underlies a darker surface horizon.
4.4 The Hawkesbury Estuary
The Macdonald Valley shares the drowned river valley estuary of the Hawkesbury
River. The Hawkesbury estuary is deeply incised into the vertically jointed Sydney
Basin sandstones and is highly sinuous along its 109km course upstream of its mouth
at Broken Bay. The estuary is narrow, with long stretches less than one kilometer
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Figure 4.5: Hillslope soil profile in tributary valley to the Macdonald.
wide. A sandy sub-aqueous flood tide delta occurs at its mouth and these flood-tide
delta sediments inter-finger with central basin muds (Roy et al., 1980). Coarser layers
in these central basin muds represent pulses of sediment transported into the estuary
by floods (Nichol et al., 1997).
The post-glacial marine transgression is known to have extended 100km inland
from the present coast. Marine sediments are noted at the base of cores recovered from
floodplains along both the Hawkesbury and Colo Rivers (Nichol et al., 1997). The
fluvio-estuarine stratigraphy of these cores is characteristic of transgressive inundation
of a drowned river valley followed by fluvial progradation (Cattaneo and Steel, 2003).
This transgressive phase on the Hawkesbury dates from 17 to 6.5 ka and the timing of
the maximum flooded surface for this estuary appears to correspond with the end of
post-glacial sea level rise (Nichol et al., 1997). This transgression induced substantial
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deposition of both estuarine and fluvial sediments at rates of up to 7mm per year along
the Colo River (Nichol et al., 1997) .
Late Holocene fluvial progradation over an estuarine substrate is observed in cores
from both the Hawkesbury and Colo Rivers. A discontinuous floodplain formed along
the estuary some 2 to 7 m above present day sea level through both vertical and lateral
accretion of fine silty sediment predominantly on the inner banks of bedrock con-
trolled river bends. Radiocarbon dating of these fluvial sediments from the Colo River
indicates they were deposited between 3000 and 1000 years BP (Nichol et al., 1997).
These observations indicate that a marine transgression of the Macdonald River
most likely occurred during the Holocene. The resulting estuarine aggradation would
have provided a suitable substrate for fluvial progradation later in the Holocene.
4.4.1 Hawkesbury Estuary Tides
Water levels along the Hawkesbury estuary and the lower Macdonald are influenced
by ocean tides. Table 4.1 lists summary tide data for Sydney and Newcastle as given
in the Australian National Tide Tables (Australian Hydrographic Service, 2002b). The
maximum predicted tidal range over 19 years is 2.0m, though the spring tide range
is 1.3m. Figure 4.6 shows water elevation observations for the Hawkesbury estuary
during a period in late August 2003 for four stations along the Hawkesbury River. The
tidal amplitude at the Webbs Creek gauge, closest to the Macdonald, is comparable to,
if not greater than, the Spencer gauge closer to the estuary mouth. The tide curve up-
stream at Windsor is lower in amplitude relative to the other sites, has a less sinusoidal
wave form with some mild tidal asymmetry.
tide gauge HAT MHWS MHWN MSL MLWN MLWS LAT
Sydney 2.0 1.6 1.3 1.0 0.6 0.3 0.0
Newcastle 2.1 1.6 1.4 1 0.6 0.4 0
Table 4.1: Tide data for Sydney and Newcastle, all units in metres. HAT = highest astronomical tide,
MHWS = mean high water springs, MSL = mean sea level, MLWN = mean low water neap, MLWS =
mean low water springs, LAT = lowest astronomical tide.
 
 
 
 
 
 
 
 
 Figure 4.6: Late August 2003 tidal curves for stations along the Hawkesbury River. The map at the top
shows the locations of the four stations for which tidal data was obtained. Data from Manly Hydraulics
Laboratory.
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4.5 Climate
Due to the rugged topography, climate data from within the catchment is limited. Mean
annual rainfall at Kindarun (near Howes Valley) in the headwaters of the catchment
was 810 mm for the period 1941 to 1975. Inter-annual variability is high: the standard
deviation of the series is 242 mm, and the largest range in rainfall totals between any
two sequential years of the record is 567 mm (Figure 4.7).
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Figure 4.7: Annual rainfall totals (grey bars) and maximum daily rainfall (lines and dots) recorded at
Kindarun Station, Howes Valley 1941- 1975.
More comprehensive climate data are available for the Richmond Royal Australian
Air Force base located 30km to the south west at 19m above sea level. The long term
mean annual rainfall is also 810mm, and the monthly means of four climatic variables
are shown in Figure 4.8. The maximum and minimum average number of rain days
per month at Richmond ranges from 11 in March to 6 in July, varying smoothly on an
annual basis (annual average 110 rain days per year) and the maximum observed daily
rainfall was 199.5mm. A distinct annual cycle exists in mean monthly temperature,
84 Holocene Geomorphology of the Macdonald River
rainfall and evaporation, with evaporation potential in excess of precipitation for most
of the year, particularly so in summer.
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Figure 4.8: Monthly climate data for the Richmond RAAF base (station 067033) from 1928 to 1994.
The climatic data for Kulnurra (station 061029) located 20km east of St Albans
at an elevation of 312m indicates that precipitation is greater to the east and north at
1200mm per year, but also exceeds or approximately equals potential evaporation for
at least half the year (Figure 4.9). The maximum observed daily precipitation was
191.9mm.
The nearest sites with rainfall intensity-frequency-duration (IFD) statistics to the
Macdonald’s catchment are at Sydney, Lithgow and Newcastle. Figure 4.10 plots the
IFD curves for Lithgow calculated using the Jenkins (2002) IFD calculation software
based on methods derived by Canterford et al. (1987). The 100 year, 24 hour duration
rainfall intensity is ∼ 4mm/hour (=192mm/24 hours).
The 150mm maximum daily rainfall total observed at Kindarun in 1950 (the high-
est on record) is estimated to have an average recurrence interval of between 20 and 50
years at Lithgow. This estimate seems reasonable given the 35 year length of record.
Erskine (1994a) has compiled a map of two day rainfall totals for the period 17-18
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Figure 4.9: Monthly climate data for Kulnurra (station 061029) from 1951 to 1981.
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Figure 4.10: Rainfall intensity-frequency-duration curves for Lithgow.
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June 1949 which caused the largest floods in living memory along both the Macdon-
ald River and Wollombi Brook. The 48 hour event totals ranged from 360mm (equiv-
alent to 7.5mm per hour) at Howes Valley to 508mm (equivalent to 10.6mm per hour)
at The Letter “A”, located near the catchment boundary of the Macdonald River and
Wollombi Brook. For a 48 hour duration event, such values plot well above the 100
year curve for Lithgow.
4.6 Hydrology
4.6.1 Rainfall–Runoff Relationships
Figure 4.11 shows the monthly rainfall runoff relationship at the Howes Valley gauging
station. Useful rainfall records do not exist for the catchment above Howes Valley for
the period of stream flow monitoring. Consequently, the average of the St Albans
and Milbrodale monthly rainfall totals have been used to estimate the incident rainfall
volume for the catchment.
The monthly rainfall runoff data show a positive though non-linear relationship
between incident rainfall and stream discharge. A lowess curve (Cleveland, 1979) was
fitted to the data points (filtered to remove zero rainfall and discharge months) and
has a horizontal trend to approximately 20mm rainfall, indicating that monthly rainfall
totals less than this have no discernible impact upon discharge rates. Between 20mm
and 100mm per month rainfall, the curve is concave upwards, and its gradient changes
from less than that of the runoff coefficient isolines (relative to incident rainfall) to a
gradient greater than that of the rainfall coefficient isolines. For months where rainfall
exceeds 100mm, runoff generation efficiency, as measured by the runoff coefficient,
increases substantially with increasing rainfall.
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Figure 4.11: Monthly rainfall runoff relationship at the Howes Valley gauging station. Labelled diag-
onal lines show runoff coefficient isolines. Rainfall is calculated as the mean of the monthly rainfall at
Milbrodale and St Albans. Lowess curve fitted to the data shown as a heavy line.
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4.6.2 Flood Frequency Analysis for the Macdonald River
For the Macdonald River at St Albans (station 212010, catchment area 1680 km2)
discharge records exist for the period 1954 to 1990 but are of mixed quality. Peak
instantaneous annual maxima records are not available for the years 1956, 1957, 1960,
1961, 1970 and 1971. Figure 4.12 shows the fitted log Pearson III curve for the St
Albans gauging station, using the approach outlined in Section 3.7.3. The log Pearson
III distribution appears to fit the observed data satisfactorily, although there is some
mild divergence between the fitted distribution and the observations for the larger dis-
charges.
The maximum peak instantaneous discharge recorded at St Albans is 891 m3/s dur-
ing a flood in 1978. This event has an annual exceedance probability of approximately
0.05 (implying a mean recurrence interval of approximately 20 years). Such an event
is 5 times the magnitude of the 2 year event (170 m3/s). The one in one hundred
year event with an annual exceedance probability of 0.01 is estimated to have a peak
instantaneous discharge of 1400 m3/s on the basis of the fitted distribution, though a
high degree of uncertainty is associated with this.
For the Macdonald River at Howes Valley (station 212021, catchment area 299
km2), where gauging records exist from 1976 to 1993, the fitted LP3 curve and ob-
served data are shown in Figure 4.13. The low number of data points used to fit the
model contributes to the wide confidence limits for the fitted distribution. The largest
event recorded at the gauge was 500 m3/s in 1977, and such an event is estimated to
have an average recurrence interval of approximately 20 years. This event is 8 times
the magnitude of the 2 year return period event (58 m3/s). Given that this 1977 event
appears to lie on trend with the fitted LP3 distribution, this gauging station has experi-
enced a more variable flow regime than the St Albans site further downstream.
Erskine (1986) compiled a record of stage heights and discharges of major floods
of the twentieth century occurring in the Macdonald River, which is shown in Table
10
10
0
10
00
D
is
ch
a
rg
e
 
 
(m
3 s
−
1 )
1.01 1.05 1.33    2    4   20  100
Average recurrence interval (years)
0.99 0.95 0.75 0.5 0.25 0.05 0.01
Annual exceedance probability
Figure 4.12: Peak instantaneous annual maximum flood series for station 212010, Macdonald River at
St Albans, 1955 to 1990 (missing 1956-7, 1960-1,1970-71). Heavy black line shows log Pearson III
curve fitted to the data using the method of moments technique. The dashed grey lines encompass 90%
confidence limits.
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Figure 4.13: Peak instantaneous annual maximum flood series for station 212021, Macdonald River at
Howes Valley, 1976 to 1993. Heavy black line shows LP3 curve fitted to gauged flows using the method
of moments technique. The dashed grey lines encompass 90% confidence limits.
4.6 Hydrology 91
4.2. In the decade prior to the commencement of gauging of the Macdonald River at
St Albans in 1954, a number of large floods occurred. The 1949 event is recalled by
residents of the valley as the greatest in terms of stage height and duration. During
this event, the flow overtopped the channel banks along most of the valley by a depth
of 1 to 2 m. Very high discharge rates persisted for several weeks following the main
flood peak. The flood of 1949 was followed by a number of smaller though still note-
worthy floods. A similar concentration of large magnitude events within the period
1949-1955 was also observed in the adjacent Wollombi Brook and Hunter River sys-
tem to the north (Erskine and Bell, 1982). These floods of the 1949-55 period were
significant in that they were responsible for a substantial change in the morphology of
the Macdonald River.
Gauge height Peak instantaneous
Flood (m) discharge (m3/s)
Historical Records
1867 10.8 NA
May 1889 12.3 NA
1913 11.6 NA
June 1949 11.9 NA
June 1950 >8.4 NA
August 1952 >8.4 NA
Instrumental Records
February 1955 6.6 596
April 1963 6.7 603
June 1964 7.6 736
March 1977 7.1 663
March 1978 8.4 891
Table 4.2: Historical flood height reconstructions for the Macdonald River at St Albans from Erskine
(1986), shown with first flood of the instrumental record (1955) and the top four events since (1963
onwards). The largest floods on the Macdonald River have not been instrumentally gauged.
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4.6.3 Long Term Trends in Stream Discharge
In order to examine temporal trends in discharge throughout the twentieth century,
modelled monthly discharge estimates for Howes Valley gauging station have been
used. The modelling process and calibration is given in section 3.7.2. To examine
trends in runoff magnitude through time, the cumulative residuals from the full dataset
mean of the monthly modelled discharge data are presented in Figure 4.14. Note that
the mean monthly discharge rate for the entire period is 7.3 m3/s. In Figure 4.14, a
horizontal trend in the cumulative residual line would represent a period of consis-
tently average conditions, whilst a negative gradient with respect to time represents
consistently below average discharge rates, and vice-a-versa for a positive trend.
The temporal trends in the reconstructed discharge data shows the period prior to
1948 generally experienced flows below the mean of the entire twentieth century, as
indicated by the variable but overall negative gradient of the line, and the period 1935
to 1948 was even drier than the preceding decades. A shift to substantially wetter
conditions occurred in 1948, with the years 1948 to 1951 experiencing substantially
above average discharge over this period.
The same trend was identified a cumulative residual curve calculated for the Lith-
gow rainfall record (Young et al., 2001) and more generally eastern Australia (Pittock,
1975). The evidence confirms that the Macdonald River experienced a two phase
hydrologic regime of the type recognised by Erskine and Warner (1988) during the
twentieth century.
4.7 Vegetation
Vegetation mapping of the Macdonald catchment carried out by Ryan et al. (1996)
revealed a strong topographic influence upon the location of different vegetation com-
munities. Hillslope vegetation is overwhelmingly Eucalypt dominated woodland and
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Figure 4.14: Cumulative residual discharge plot for the Macdonald River at Howes Valley calculated
from a modified version of the HYDROLOG rainfall runoff model, with daily rainfall derived from a
spatially interpolated daily rainfall grid.
forest with shrubby undergrowth. The alluvial valley fills have been largely cleared of
their original vegetation and today are generally covered in pasture. Freshwater reed
swamps at the valley margin settings support sedges and casuarina species. Woody
vegetation is often found along the river banks above the estuary and reeds are estab-
lished within the estuarine zone. A lack of riparian vegetation in the 1944 air pho-
tographs indicates much of this has become established over the last 50 years. At
present, 83% of the catchment is forested.
Pollen analysis by Dodson and Thom (1992) from a sediment core from Mill
Creek, a short distance downstream of the Macdonald River’s junction with the Hawkes-
bury River, indicated the presence of Eucalyptus and Casuarinaceae dominated forest
similar to the present structure for at least the last 9100 years. It would appear that
the catchment vegetation has been stable throughout the Holocene to the present time
apart from clearance of the valley fills.
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4.8 The Fluvial Landscape
This section examines the nature of the fluvial deposits of the lower 50km of the Mac-
donald River. This reach contains the majority of the floodplain deposits as above the
study reach the width of the valley has inhibited deposition of sediment. Figure 4.15
shows this study reach along with the sites referred to in the study.
Three principal alluvial surfaces are recognised within the valley. Taking the con-
temporary thalweg as the reference surface, the first and lowest alluvial surface it is
two to four metres above the thalweg, adjacent to the river bed and comprises sandy
sediments. Sand splays and flood debris indicate recent inundation of this surface.
The lateral extent of this surface is restricted at its distal edge by a prominent scarp
rising two to four metres above it. This scarp has been cut into two higher level allu-
vial deposits. The highest of these takes the form of elongated, sandy bars and levees
following the channel with narrow flood basins on their distal sides. Onlapping these
bars and levees, yet above the erosion scarp, is a mid-level alluvial bench which slopes
gently towards the top of the erosion scarp.
This section presents the geomorphology of these alluvial landforms. To start with,
a detailed topographic survey of a site where these three alluvial levels occur is pre-
sented to establish the relationships between the major geomorphic units. Secondly,
a number of cross sectional profiles measured across the valley are presented and dis-
cussed. These form the basis of hydraulic modelling undertaken later in the chapter.
Measurements of the long profile of the channel and floodplain deposits over the lower
50km of the Macdonald River are then presented, illustrating the down-valley structure
of the three alluvial surfaces. Following this, stratigraphic observations derived from
floodplain sediment cores are presented along with radiocarbon and luminescence dat-
ing results for the valley. Finally, the channel’s ongoing responses to the floods of
1949-55 are examined.
Figure 4.15: (Overleaf) Map of the lower Macdonald River showing field sites and extent of alluvial
lands.
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4.8.1 Topography of the Sternbeck Stockyards Site
The Sternbeck Stockyards site is located towards the head of the study reach and con-
tains a number of fluvial landforms found in the valley. Figure 4.16 shows a detailed
topographic survey of the site. A panoramic image of the site is shown in Figure
4.17. The valley width is less than 400m at this site and flow is from the north, passes
through a left hand bend to the east then heads south through a right hand bend. Each
of these major bends are controlled by a bedrock hillslope which rises steeply above
the alluvial fill. From the left bank bedrock spur at the north of the site, a high level
alluvial bar extends south then east and eventually tapers away. North of this is a flood
basin and to the south and south-west exist a scarp face and mid-level bench respec-
tively. Below the scarp face and extending around upstream can be found the modern
floodplain, which melds with a point bar at the apex of the eastwards bend. This point
bar then grades to the channel bed. The general sequence is repeated along the right
hand bend to the south of the Sternbeck Stockyards where this site is known as Duck
Bar. Each of these elements will now be discussed in detail, and their occurrence at
other sites along the valley will be raised where appropriate.
4.8.1.1 Bedrock Hillslopes
In planform, the bedrock valley walls in the vicinity of the Stockyard are 200-400m
apart across the valley floor and the valley has numerous tight bends separated by
relatively straight reaches. Most of the major bends of the channel itself are driven by
the flow impinging upon a bedrock wall, being then redirected away and maintaining
a generally straight course until impinging upon another downstream valley wall at
which point this process is repeated. Curvature of the channel’s course between these
regions of contact with bedrock is generally quite low. This relatively narrow and
angular planform of the bedrock valley and the hydraulics involved in controlling the
course of the river appear to influence where alluvial material has been deposited and
preserved.
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4.8.1.2 Channel Bed
At the Stockyards site the channel bed is defined as the lowest elevation region of
loose, largely unvegetated sand showing evidence of transport by flows less than 1m
depth. The bed at this site is less than 100m in width. Other cross sections along the
river indicate present day bed widths are of the order of 40 to 80m. The bed exhibits
surface topography less than 1m in height consisting of low transient sand bars and
shallow scour holes. At the apex of the Stockyards and Duck Bar bends, the bed
sediments grade into point bar deposits.
4.8.1.3 Point Bars
At the inner apex of the major bends sandy point bars are found. Their elevation at
approximately 1m above the thalweg and the presence of an abrupt slip face at their
downstream limit distinguish point bar sediments from bed sediments. The point bar
sediments are predominantly loose white to cream color sand with negligible pedoge-
nesis.
4.8.1.4 The Contemporary Floodplain
The point bar sediments meld into the modern floodplain, which is is 2 to 4 m above the
river bed. The floodplain is vegetated with a sparse cover of grass, woody shrubs to 5m
height and juvenile trees. Surficial sediments include sand drapes though a dark grey
soil horizon developed upon cleaner sand can commonly be found. The established
vegetation and pedogenesis of the uppermost sediment indicates a degree of stability
of this landform which is absent from the point bar deposits. Accumulations of flood
debris (branches, logs and leaves etc) indicate periodic inundation of this surface. All
these features are consistent with this landform being the modern floodplain. The
topographic relief of the floodplain is about 1m, with the surface tending to slope
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towards the river from an erosion scarp face at its distal margin. This erosion scarp
limits the lateral extend of the floodplain. The modern floodplain is visible in the Jurds
Creek, Piggy Back Bridge, Gorricks Run, Pams Farm, Blackfern and Word of Life
sites shown in Appendix A.
4.8.1.5 Erosion Scarp
A prominent erosion scarp of between 4 and 6 m height and 350 m length separates the
modern floodplain deposits from two higher level alluvial deposits at the Stockyards.
The scarp has exposed loose grey to black sandy sediments that slough freely under-
foot. At the Stockyard site, the minimum distance between the foot of the scarp face
and the bedrock of the opposite bank is approximately 100m and it will be shown later
that this distance corresponds with the widened channel resulting from the 1949–55
floods. The scarp is evident at other sites along the valley. At Pams Farm and Jurds
Creek, the scarp has been cut into the lower of the two high level alluvial deposits,
whilst for the Gorricks Run site the scarp is set into the higher bar crest sediments.
Above the scarp face two distinct alluvial features are commonly found. The larger
and more prominent feature is a longitudinal bar that is parallel to sub-parallel with
respect to the channel and is the highest alluvial landform present in the valley. Inset
below this and largely eroded at the Stockyards, Duck Bar and at other sites along the
valley, is a mid-level bench.
4.8.1.6 High Level Bar
The highest alluvial sediments in the valley fill sequence at the Stockyards form the
prominent alluvial bar extending from the left bank bedrock spur at the north of the
site. This high level bar extends downstream for some 300m in a parallel to sub-
parallel direction relative to the modern channel thalweg. The bar progressively nar-
rows downstream and takes on a more distinctive ridge-like appearance before ending
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in a prominent snout. The bar crest has a consistent elevation up to its terminus ranging
from 30 to 31m, making it 11m above the river bed and 6m above the floodbasin on its
distal side. Beyond the bar’s snout, a lower, less prominent ridge continues eastwards
to the valley wall. The sediments of the mid-level bench onlap onto the proximal side
of the bar.
In narrow valley settings these high level bars appear “tied” to a bedrock spur at
their upstream end and are referred to as a land-tied bars in this thesis. In wider and
flatter valley settings where this extension is less prominent and the bars assume a
more levee-like morphology, they are simply referred to as high level bars.
4.8.1.7 Mid-Level Bench
The mid-level alluvial bench is found above the scarp face yet below the high level bar.
At the Stockyards it is most prominent at the apex of the left hand bend but also exists
as a narrow shoulder at the Duck Bar site between the land-tied bar crest and the scarp
face. The bench is clearly visible in the Jurds Creek, Sternbeck Stockyards, Pams
Farm and Blackfern cross sections. The bench exists as a narrow shoulder typically
2–4 m below the bar crest. The onlapping of the mid-level bench sediments to the high
level bar is generally smooth, but clearly visible in the field. The mid-level bench is
preserved intermittently along the valley. It is clearly absent from the Gorricks Run
cross section for example. It would appear that in some locations, the erosional event
that generated the erosion scarps completely eroded the mid-level bench and a part of
the high level bar. In other locations such as at Pams Farm, this bank erosion only
eroded part of the mid level bench, leaving the high level bar preserved intact.
4.8.1.8 Floodbasin
Floodbasins are the topographic depressions found between the high level bars and the
bedrock walls. At the Stockyards, the floodbasin is 6m below that of the bar crest. Bar
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crest sediments and hillslope colluvium grade into the flood basin sediments though
their contribution to its infilling appears minimal. The basin does not drain to the
channel as a sill beyond the bar’s snout separates it from the channel. This sill was
not surveyed accurately at the Stockyards, but is estimated to be 5 to 6m above the
channel bed. Anecdotal evidence from local farmers confirms that the flood basins fill
when the sill is breached and flood waters gently back up into the flood basin. Floods
rarely overtop the high level bar crest and flow directly into the flood basins, though
this did happen extensively in the 1949 flood (but not in the 891m3/s flood of 1978).
The flood basins contain the finest sediments found in the valley with a high proportion
of dark, humic silts and fine sands. Amidst some wider valley reaches where larger
tributaries flow into the floodbasins, their impoundment by the channel and river bank
aggradation has resulted in perennial lakes and wetlands.
Figure 4.16: Valley morphology and landform units of the Macdonald River at the Sternbeck Stock-
yards and Duck Bar (downstream). In the top figure the grey dots indicate surveyed points and contours
indicated elevation in metres. In the bottom figure, the principal geomorphic units are indicated, and
the lines labelled A and B indicate the Stockyards and Duck Bar cross sections.
Fi
gu
re
4.
17
:P
an
o
ra
m
ic
n
o
rt
h
fa
ci
ng
v
ie
w
o
ft
he
St
er
nb
ec
k
St
oc
ky
ar
ds
sit
e.
106 Holocene Geomorphology of the Macdonald River
4.8.2 Valley Cross Sections
A number of cross sectional surveys were conducted across the channel and valley and
are shown in Appendix A, section A.1. The data is presented from left bank to right
bank looking downstream and illustrate the shape of the channel along the valley and
the relationships between the various alluvial units at a particular site.
The high levels bars are prominent in the cross sections as the dominant alluvial
landform within the valley. Their width varies from over 100m at the Stockyards,
Pams Farm and Blackfern sites to approximately 50m at sites such as Duck Bar and
Jurds Creek. The floodbasins are also prominent between the bars and the valley walls.
The mid-level bench on the proximal side of the high level bars is visible in the Jurds
Creek, Stockyards and Pams Farm sections, and subtly so at the Duck Bar and the
Word of Life sections.
The high level surface sites of Ninians, Piggyback Bridge and Crookedy Bridge
show less distinct topography. These are in straighter reaches of the river where what-
ever hydraulic conditions conspired in the reaches of tighter bends to form the high
level bars were not as prevalent as at these sites. The Racecourse section is located
along a broader bend in the valley and displays a more tabular high level surface. The
erosion scarp is prominent as a marked break of slope in most survey sections. The
channel expansion that produced the erosion scarp cut back into the high level bar
crests at some sites (e.g. Gorricks Run), whilst at other sites it only incised into the
mid-level bench sediments (e.g. Jurds Creek, Stockyards, Pams Farm). The 2 to 4m
high modern floodplain is clearly visible below the scarp face in most sections.
4.8.3 Long Profile of the Macdonald River
Figure 4.18 illustrates the long profile of the Macdonald River. Note that mean sea
level at Fort Denison (Sydney) occurs at 0.075m AHD. As would be expected for a
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sand bed channel, the bed profile is smooth. It has been divided into three sections.
The upstream reach extends from the head of the study reach (50km above the river’s
confluence with the Hawkesbury) to the Baileys site and has a bed gradient of 0.0006
m/m. Between St Albans and the thalweg’s intersection with mean sea level at Lyn-
drian, the bed gradient averages 0.0003 m/m. Downstream of Lyndrian, the bed eleva-
tion varies but is consistently below sea level (0.075m AHD). In this reach the river’s
flow is controlled by tidal action or hydraulic head during floods.
The elevation of the three alluvial surfaces recognised through the valley are shown
in Figure 4.18 as the high level surface (divided into inner bend/straight units which
tend to be higher and outer bend units which tend to be lower), the mid-level bench and
the post-1949 flood plain. Along the lowest reaches of the river an estuarine floodplain
equivalent to the “bay head delta” of Nichol et al. (1997) is present.
The high level alluvial surface is generally 10 m above the thalweg. It extends from
the top of the study reach down to the estuary at Macdonald Downs and is represented
by the red triangles and line. Local variation in height can be up to 5m from the mean
profile. This arises primarily from the valley’s geometry, as in reaches with tighter
bedrock bends, this surface is built higher than in wider valley settings. The contrast
between the Rusty Hut and the Mowed Paddock sites is typical of this. The mid-level
bench is found intermittently along the valley inset below the high level surface and
is shown in green. It is 2 to 3m below the high level surface, yet 6 to 8m above
the thalweg. The modern floodplain is shown in maroon and is found at elevations
less than 5 m above the thalweg. This surface is parallel to the thalweg as would be
expected for a modern floodplain deposit. Downstream of Macdonald Downs where
the thalweg consistently lies below mean sea level, a tidal floodplain 2 to 4 m above
mean sea level exists.
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4.9 Hydraulics of the Macdonald River
Evaluating the inundation frequency for the various alluvial surfaces identified along
the valley provides insight into their relationship with the present flow regime. As
described in Section 3.7.4, the HEC-RAS hydraulic modelling software was used to
conduct cross sectional hydraulic modelling (USACE, 2001).
4.9.1 Slope Measurement
The friction slope has been approximated by the two bed gradient divisions of the
modern thalweg. Figure 4.18 shows the fitted bed profiles (offset from the actual
thalweg by -1m). The bed gradient above the Baileys site is, at 0.0006 (1 in 1666),
twice the 0.0003 (1 in 3333) value calculated for the river downstream of the Baileys
site.
4.9.2 Estimation of Hydraulic Resistance
Mannings n, the hydraulic roughness parameter cannot be measured directly, but can
be inferred through observations of discharge and stage height for a given cross section
and gradient. Ideally the database of stage height versus gauged discharge measure-
ments for the Macdonald River at St Albans would be used to calculate n for this site,
but the gauging records for this station have been lost. Consequently, Mannings n
has been estimated using gauging records from an analogous station in the adjacent
Hunter Valley catchment (number 210048, Wollombi Brook at Paynes Crossing with
catchment area of 1064 km2). The estimated value using the Paynes Crossing data has
been checked through comparison of simulated and known stage heights that the 1978
flood attained along the Macdonald River.
The upper reaches of Wollombi Brook have many geomorphic similarities to the
Macdonald River at St Albans. The bedrock is the same Triassic sandstone as the
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Macdonald, the sinuosity, at 1.10 is almost identical to that of the Macdonald (1.06),
the mean particle size of the bed material is medium sand, the bed slope is 0.00042,
and the river is comparably confined by bedrock walls (Erskine, 1994b). Figure 4.19
illustrates the relationship between n and stage height at Paynes Crossing on Wollombi
Brook. Hydraulic roughness reaches a maximum at a stage height of 1.2–1.4m, where
n can exceed 0.06, though at stage heights 1 1.5 m, n averages 0.033.
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Figure 4.19: Relationship between hydraulic resistance (Mannings n) and stage height for Wollombi
Brook at Paynes Crossing.
Calibration of n for the Macdonald River can also be performed for higher stage
heights at the Crookedy Bridge cross section, where Warren Bailey, a local farmer,
recalls that the 1978 flood was just contained by the high level bar crests. Using
the discharge estimate of this event at St Albans (891m3/s), the local bed gradient of
0.0006 and the Crookedy Bridge cross section, adopting an n value of 0.032 produces
4.9 Hydraulics of the Macdonald River 111
a water depth 7.72m at the Crookedy Bridge site. The flow is contained within the
channel but is slightly lower than the 8.4m stage height observed at the St Albans
gauging station for this event.
Given the likely uncertainties in the discharge estimate due to rating curve extrap-
olation, variations in bed gradient and cross sectional morphology between the two
sites, plus additional discharge contributed from Mogo Creek (located between the
Crookedy Bridge and St Albans sites), this agreement is considered acceptable. Thus,
the use of an n value of 0.032 to characterise the hydraulic resistance of the Macdonald
River for floods seems supported by the available data.
4.9.3 Floodplain Inundation Frequency
The modern floodplain (i.e. the alluvium developed below the erosion scarp) is pre-
dicted to be inundated by discharges of between 70 and 330m3/s which have returns
periods of between 1.33 and 3.6 years on the annual series at the St Albans gauge
(Table 4.3). Such return periods are commonly associated with modern floodplain
deposits (Leopold et al., 1964).
By contrast, the discharge required for inundation of the high level bars varies
between 900 and 2600m3/s, depending upon the site. The event with an annual ex-
ceedance probability of 0.01 (the “one in one hundred year flood”) as determined by
the log Pearson III flood frequency distribution (shown in Figure 4.12) is approxi-
mately 1350m3/s. Thus much of the present channel has the capacity to contain events
equivalent to the 100 year flood or greater. These calculations appear in accordance
with the twentieth century flood record where inundation of the high level bar only
occurred during the 1949 flood.
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Floodplain Q Return Period Bar Crest Q
Station (m3/s) (years) (m3/s)
Word of Life 300 3.2
Roses Cottage 150 1.9
Blackfern 180 2.1
Racecourse 200 2.3
Pams Farm 250 2.7 1750
Crookedy Bridge 300 3.2
Ferndale 330 3.6 1390
Gorricks Run 160 1.9 1500
Piggyback Bridge 200 2.3 1350
Duck Bar 115 1.6 2600
Sternbeck stockyards 230 2.5 2250
Jurds Creek 70 1.3 2100
Table 4.3: Discharge and return period estimates for the contemporary floodplain of the Macdonald
River with estimated discharges required for inundation of the high level bars to occur.
4.10 Sedimentology and Stratigraphy of Alluvial
Deposits
This section outlines the sedimentology and stratigraphy of the high level bars, the
mid-level bench and the contemporary floodplain of the Macdonald valley.
Sediment cores were extracted from the crest of three high level bars at the Stock-
yards, Pams Farm and at Culvern. A single core from the mid-level bench was ex-
tracted at Pams Farm. The Stockyards and Pams Farm high level bar cores were
drilled to the water table (generally at an elevation close to that of the thalweg) which
prevented further recovery of sediments. At Culvern, the core was drilled until the es-
tuarine substrate beneath the floodplain was reached. The core sediments were divided
into depositional units and their silt-clay (< 63µm) contents measured (given here as
percentage by weight).
The stratigraphic layers evident in the bar crest sediments are interpreted to repre-
sent multiple aggradation events which episodically built the high level bars. A typical
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sequence consists of deposition of a sand layer 10 to 50cm thick upon a prior ground
surface during the rising stages of a flood which is then capped by a silt and clay rich
mud drape upon flood recession. This new ground surface undergoes pedogenesis until
the next depositional event occurs and may gain additional silt and clay if subsequent
floods only leave mud drapes. Incorporation of organic material from plant growth and
decay and a general mixing of the sediments due to bioturbation all lead to the dark
colouration of the surface horizon relative to the lower sediments of each cycle.
Figure 4.20: Stockyard bar crest sediment core shown with dating results and sedimentary characteris-
tics.
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Figure 4.22: Pams Farm bar crest sediment core shown with dating results and sedimentary character-
istics.
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Figure 4.24: Pams Farm mid-level bench sediment core shown with dating results and sedimentary
characteristics.
Figure 4.25: Culvern bar crest sediment core shown with dating results and sedimentary characteristics.
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4.10.1 Stockyard Bar Crest Core
A detailed image of the Stockyard bar crest core is shown in Figure 4.20, whilst Fig-
ure 4.21 shows the core sediments against the alluvial structure of the valley floor.
Twenty six depositional cycles can be seen within the 9.7m core. For the top 8m, the
layers consistently comprise medium to coarse sands with silt-clay content less than
ten percent. The top 2.25m has five well developed soil layers, all of sand size or finer
sediments. From 200 to 430cm depth a series of thinner layers with weakly developed
soils and occasional charcoal lenses occur. The preservation of these thin charcoal
lenses indicates limited bioturbation of these sediments, and judging by the lack of
pedogenesis of the sediments of this interval it is inferred that they were deposited in
rapid succession. Between 430 and 770cm depth, thick beds of coarse to fine textured
sand occur and show the weakest soil development of the whole profile. Below 770cm
the character of the sediments changes. The silt-clay content is higher (twenty to sixty
percent for surface layers) and there is abundant detrital charcoal between 850 and
900cm. Texturally the most distinct horizon is found at 900cm where a brown clay
layer exists. Overall there is no consistent fining upwards trends in the core sediments,
which are similar to those transported at by the river at present.
4.10.2 Pams Farm Bar Crest Core
A detailed image of the Pams Farm bar crest core presenting the sedimentary charac-
teristics is shown in Figure 4.22, and Figure 4.23 shows the core sediments in relation
to the valley floor structure. Two well developed soil profiles exist at the top of the
core, the lower of which grades to a thick sand layer. Below this, a sequence of thin
sandy layers extends to a depth of 400cm. The sediment texture ranges from fine to
coarse sand and the silt-clay content is between five and twenty percent. Below 4m
depth, a number of silt-clay enriched ground surfaces exist, each grading to clean sands
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and often containing charcoal lenses. Below the light-brown silt-clay rich soil layer at
7.4m is 2m of clean sand. The distinctive black coloured band at 6.5m depth is tenta-
tively considered to be a natural soil horizon, but may represent collapsed sediments
from higher soil horizons disturbed during the drilling process. The silt-clay content
for this core is generally higher than that for the Stockyards core upstream, and the
soil characteristics are better developed, particularly above 7m depth.
4.10.3 Pams Farm Mid-Bench Core
An image of the sediment profile for the mid-level bench at Pams Farm is shown in
Figure 4.24 along with the sedimentary characteristics. Like the high level bars, the
uppermost sediments show well developed soil profiles. The second depositional layer
grades to a clean sand base at 50cm depth. Other major soil layers are present at 120
and 275cm depth, but in comparison to the profiles for the two bar crest cores thus far
examined, soil development is weak amidst these sediments judging by their generally
pale colored surface horizons. Silt-clay contents at up to twenty to thirty percent for
some surface layers are equivalent to those observed in the bar crest cores. The lower
third of the core is distinctive for the thickness of the sand deposits, and a prominent
clay and charcoal layer occurs at 5.6m depth. The silt and clay content of the top half
of the core is much higher than for the bottom half, with the lower 2m of sediment
consisting of clean sand virtually devoid of silt and clay.
4.10.4 Culvern Bar Crest Core
An image of the sediment profile for the Culvern high level bar is shown in Figure
4.25 along with the sediment characteristics. The site cross section with stratigraphic
characteristics is shown in Figure 4.26. The uppermost depositional layer of this pro-
file is, at 125cm, of considerable thickness and shows strong soil development similar
to the uppermost layers from the other bar crests. Similarly, the Culvern profile shares
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a sequence of thinly spaced sand-rich middle layers extending to 5.5m depth. These
sediments are typically fine to coarse sands and the top of each depositional layer is
enriched in silt and clay to between twenty and thirty percent. The dark colours for
most ground surface layers is indicative of reasonably advanced pedogenesis. The
sediments from 720 to 790cm were not recovered.
Below 790cm depth grey coloured estuarine sediments were encountered. These
estuarine sediments comprised an upper sand rich layer with a moderate silt-clay con-
tent particularly within its upper two thirds, but with a coarse sand base. The lower of
the two estuarine sections graded from the coarse sands to a clay rich layer with thin
sand lenses. The surveyed height of the Culvern high level floodplain was 7.5m which
means that at 8m depth these estuarine sediments occur to roughly -0.5m AHD.
4.10.5 Floodbasin Sediments
Hand augering of the floodbasins showed them to consist of finer sediments than ad-
jacent high level bars, with particles commonly in the fine to very fine sand range and
with a higher silt component. The flood basin sediments are typically dark grey to
black in colour indicating substantial carbon incorporation and lack distinct sand lay-
ers found in the bar crest and bench profiles. This indicates sand splays rarely extend
onto the floodbasin. The stratigraphy was not readily correlated with neighboring bar
crest sediments at either the Stockyard site or at Ferndale.
Alluvial fans extended out onto the floodbasin surfaces from small hillslope val-
leys, but the small dimensions of these fans and a lack of colluvial sediments in the
flood basins indicates that slopewash off the adjacent hillslopes is a minor source of
sediment. Aggradation of the floodbasin sediments occurs through flood waters over-
topping the sills at the downstream end of the high level bars causing gentle inundation
of the floodbasin by sediment laden water. As the floodbasins can impound water to
a depth of 1 to 2m, the ponding of such flood waters in the depression after flood
recession would allow for the settling of the finer sediment in these basins.
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4.10.6 Cumulative Burial Depth
Figure 4.27 shows the cumulative burial depth against the depositional layer count
for the four Macdonald River sediment cores, starting at zero for the present day sur-
face. The curves have high gradients for their earlier depositional layers (higher cycle
numbers) indicating thick accretionary events occurred. However, the change in curve
gradient above 4m in each of the core profiles shows the upper 4m of these deposits
aggraded by thinner layers than the sediments below this depth. This reduction in the
thickness of the accretionary layers upwards is consistent with these surfaces grow-
ing in height relative to the thalweg, or their formation during a period when flood
discharges declined.
Given the one dimensional profile of the sediment cores, it is difficult to assess
whether partial erosion of floodplain sediments occurred between aggradational events.
Trench excavations and ground penetrating radar observations from similar vertically
accreted landforms to the high level bars but along the Tuross River showed cross
cutting disconformities in the sediments which was interpreted as evidence of partial
erosion of levee and channel marginal sediments (Ferguson and Brierley, 1999b). Such
behaviour cannot be discounted along the Macdonald given the present evidence.
4.10.7 The Modern Floodplain
The surface sediments of the modern floodplain comprise a mixture of recent sand
sheets and juvenile soils. Where soils are developing, a distinct soil horizon with
a clear lower boundary separating the pedogenic front from the underlying sands is
found. Figure 4.28 is a photograph of the top 80cm of modern flood plain sediments
at the Stockyards site showing this pedogenic front above a sampling tube collecting
sediment for optically stimulated luminescence dating. The contrast in colour between
the dark colored soil and the lower light coloured sands is sharp, and contrasts with
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Figure 4.27: The trend of cumulative burial depth for the four Macdonald River sediment cores.
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the smoothly grading pedogenic fronts commonly observed in the sediment cores of
the high level bars and the mid-level bench.

Figure 4.28: Photograph of modern flood plain sediments at the Stockyard Site, showing OSL sampling
tube.
4.11 Chronology of Floodplain Formation 127
4.11 Chronology of Floodplain Formation
4.11.1 Selection of Dating Samples
Dating samples were extracted from the sediment cores and from soil pits from the
three alluvial levels recognised along the valley to determine:
1. The interval over which they formed.
2. Their aggradation rate and the mean return period of aggradational events.
3. Their present aggradational status.
The growth period was determined by sequential age determinations down a core,
and the aggradation rate was calculated using the age difference between the dating
samples. The mean return period between depositional events was also calculated us-
ing this age difference but in relation to the depositional layer count. The present day
aggradational status of the three alluvial surfaces was examined by dating samples
from near the top of each of the landforms in question and examining whether the
uppermost depositional characteristics (aggradation rate and depositional event return
period) were consistent with those of their main growth phase. The OSL and radiocar-
bon dating results are given in Tables 4.4 and 4.5 respectively.
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4.11.2 Formation Epoch of the High Level Bars
4.11.2.1 Stockyard Bar
For the land-tied bar at the Stockyards site, three OSL samples and three radiocarbon
samples were collected. The top and bottom OSL samples, MRSB-F and MRSB-G
(at depths 1.15 and 8.95m respectively) were collected from the core whilst the mid-
dle sample (MRSB-C at 5.5m depth) was collected by hand augering on a separate
occasion from a hole a few metres from the drill site. The three radiocarbon samples
were also taken from the drill core. The depth versus age profile of the data points are
shown in Figure 4.29, Figure 4.20 shows the dated samples next to the core stratig-
raphy and Figure 4.21 shows both the core stratigraphy and dating results with the
present day valley floor topography. The OSL ages indicate that the bar formation
occurred between 4000 years BP and 1400 years BP.
The three OSL dates form a linear trend with respect to depth, indicating consistent
aggradation over this period at a rate of 2.8mm per year. The three radiocarbon dates
present a less consistent chronology. The top two radiocarbon dates are in stratigraph-
ically correct order and roughly parallel the age-depth profile of the OSL dates (given
their uncertainties) but are 500 to 1000 years older. The lowest radiocarbon date is
younger than both the OSL date immediately above it and the next highest radiocarbon
date. The reason for this is unknown. Bioturbation can arguably be ruled out as means
of transporting younger charcoal fragments down through the profile given the well
preserved depositional stratigraphy both of the horizon from which the sample came
and the sediment profile as a whole. Incorporation of groundwater-borne younger car-
bon into this lowest radiocarbon sample, which was not adequately removed in the
chemical pretreatment may be a possibility, particularly given the proximity of this
sample to the water table. The age offset between the top two radiocarbon dates and
the trend of the OSL data may reflect the pre-existing radiocarbon “age” of detrital
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charcoal fragments prior to their burial (Blong and Gillespie, 1978).
The elapsed time between deposition of sediments associated with the lowermost
OSL sample (MRSB-G) and those of the upper most OSL sample (MRSB-F) is 2200–
3500 years (accounting for uncertainties in the age estimates). During this time 22
depositional layers are recognised in the profile, implying a mean return period for
aggradational events of 100 to 160 years. The top OSL date is from sediment within the
third (possibly second) depositional layer, and indicates that in the last 1000 to 1500
years, only one or two aggradational events have left a distinct sedimentary record.
If the present day ground surface is assumed to be “modern”, the apparent aggra-
dation rate is only 1.3 to 1.7mm per year, well below the aggradation rate observed
for sediments beneath the top OSL sample. The term apparent aggradation rate is
used in this context as the sediments above the top OSL sample may have accreted at
the higher rate of earlier times until the present day ground surface sediments were
emplaced, followed by a complete cessation of aggradation. This is equivalent to ex-
trapolating the depth age curve to zero depth in Figure 4.29 rather than extending it to
the graph origin. In either case, these observations indicate a substantial reduction, if
not complete cessation, in bar accretion since 1200 to 1600 years BP, both in terms of
the duration between aggradational events and the accretion rate of sediment upon the
bar crest.
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4.11.2.2 Duck Bar
At Duck Bar, located immediately downstream of Stockyard Bar, two OSL samples
were collected. The higher sample (MDDB-A) is from 40cm depth from a soil pit
excavated into the bar crest whilst the lower sample (MDDB-B) is from 3.65m depth
from a hand augered hole. Figure 4.30 shows the sediment face from which the top
Duck Bar OSL sample (MDDB-A) was extracted and Figure 4.31 shows the dating
results in relation to the present day topography of the site. Figure 4.30 shows that
the sediments of sample MDDB-A came from a clean sand layer at 80cm depth in the
third depositional layer from the surface.
The uppermost soil horizon is much thicker and better developed than any others
within the top metre of the Duck Bar sediments. Hand augered sediments to ∼ 4m
depth were similar to those evident in Figure 4.30 as far as could be discerned. The
age for the top OSL sample (MDDB-A) was 1400 to 2500 years BP whilst the lower
OSL sample (MDDB-B) had an age range of 2000 to 2600 years BP. Statistically, the
two ages overlap within their uncertainties. If the centre of the age ranges for the OSL
samples are used to calculate an aggradation rate for this site, the result is 9.3mm per
year, though this decreases to 2.7mm per year if the extremes of the OSL age ranges
are used.
The uppermost sediments of Duck Bar have aggraded at an apparent rate of 0.2
to 0.3mm per year since the sediments of the upper most OSL sample (MDDB-A)
were deposited. The degree of pedogenesis of this horizon is consistent with it being a
ground surface for a much longer period than the underlying horizons ever were. It is
highly likely that these sediments were deposited soon after those of sample MDDB-A
at 1400 to 2600 years BP. Again, this chronology provides evidence of substantially
reduced aggradation upon the high level bar crest over the last 1000 years.
Figure 4.30: Photograph of the sedimentary structure at the crest of Duck Bar and position of the OSL
sampling tube.
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4.11.2.3 Ferndale Bar
A single sediment sample for OSL dating (MRJB-A) was collected from a soil pit
excavated into the distal side of the high level bar crest sediments at Ferndale. The
pit was 75cm deep and the sample came from 50cm depth. In contrast to the other
sites examined, there was no evidence of distinct depositional layers within the sedi-
ments. These sediments were silt-rich, very dark in color and similar to those of the
floodbasins. Figure 4.32 shows the soil face and the sampling tube for OSL sample
MDJB-A and Figure 4.33 shows the dating result in relation to the present day site
topography. The OSL age range for this sample was 100-150 years BP placing depo-
sition of the sediments within the period of European settlement of the valley.
This age is substantially younger than those obtained from bar crest positions else-
where along the valley. The lack of distinct bedding structure in the sediment profile is
perhaps indicative of comprehensive bioturbation of at least the top metre of sediment,
which could potentially have led to relatively recent bleaching of the sediment grains
and hence the young age. However, if bleaching through bioturbation was the cause of
such a young age, the equivalent dose distribution for this sample measured by OSL
would have at least a moderate degree of scatter reflecting the mixing of both long-
buried and recently-bleached grains. This sample has one of the tighter single grain
equivalent dose distributions of all the OSL samples from the valley. If bioturbation
is the cause of this comparatively young age, it would require a near complete profile
turn-over and OSL bleaching to a depth of around 1m on a timescale equivalent to the
age of the sample.
An alternative explanation for this date could be that it is an accurate burial age
of a depositional layer over one metre thick and comprising well bleached sediment.
This explanation is considered unlikely given the stratigraphy relative to that observed
elsewhere along the valley. Thick aggradational layers generally show the characteris-
tic fining upwards sequence of flood deposits and have a clean sand base, rather than
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comprising the silt-rich, dark colored deposit observed at Ferndale. The OSL age and
sedimentary characteristics of this site thus remain enigmatic.
Figure 4.32: Photograph of the Ferndale soil pit and OSL sampling tube.
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4.11.2.4 Pams Bar
An OSL sample was collected from 80cm depth from the Pams Farm bar crest sedi-
ment core, near the base of the second from-top depositional layer, together with three
radiocarbon analyses of detrital charcoal from layers further down the profile. The
location of the dating samples and core stratigraphy can be seen in Figure 4.22, Figure
4.29 illustrates the depth versus age relationship for this core and Figure 4.23 shows
the dating results and stratigraphy in relation to the present day topography of the site.
The top three data points are represented reasonably well by a linear trend (calcu-
lated using the mid-point of the calibrated radiocarbon age ranges in conjunction with
the mid-point of the OSL age range) though the lowermost radiocarbon date departs
from this trend substantially. Consequently, the estimated aggradation rate for this site
has been calculated for the top three date points separately from the bottom two.
Despite the inconsistencies of the radiocarbon chronology at the Stockyards site,
the radiocarbon ages at Pams Farm have been taken at face value in the absence of
a more comprehensive OSL chronology. The data suggest aggradation of the top 5
to 6 m of sediment occurred at a rate of 3.9mm per year, which is comparable to the
aggradation rate of the Stockyards bar crest but is less than the Duck bar rate.
The lowermost radiocarbon date suggests an aggradation rate of 0.8mm per year
for the lowest 4m of the sediment core. This estimate is so much lower than the other
results that the question of whether the radiocarbon age of the sample corresponds to
the depositional age of the sediment arises. This comparatively old age may reflect
incorporation of aged charcoal into the horizon from which the dating sample was ob-
tained at the time of burial. Alternatively, this may be an accurate assessment of the age
of sediment burial, in which case either the deposition rate was truly this low or erosion
of subsequently deposited sediments occurred to be followed by re-aggradation after
∼2000 years BP at the 3.9mm per year rate. It will be shown later that a Holocene
aggradation rate of 0.8mm per year would be atypical for the Macdonald Valley, sug-
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gesting that partial floodplain erosion may have occurred at this site if the radiocarbon
age of sample ANU-12007 accurately represents the burial age of the sediments.
The sedimentary structures evident in the core (shown in Figure 4.22) do not pro-
vide conclusive proof of a stripping event. The sediments of the lower four metres of
core do differ from those above in terms of color, bedding structures, layer thickness
and silt-clay content, but none of these differences provides unequivocal evidence of
erosion of overlying sediments at some past stage. Ideally, some additional OSL dates
would allow for a more robust estimate of the mid-Holocene aggradation rate at this
site to be obtained.
The top three dates indicate that the uppermost 5m of the Pams Farm bar crest
aggraded since 2.3 ka, yet apparently ceased aggrading in any significant way after 800
to 1000 years BP. The sample ANU-12047 at 5.5m depth gave a calibrated age range
of 1890-2310 years BP and the uppermost OSL age, MRPFBC-A, which as noted
previously was from the second (possibly first) depositional unit from the surface, had
an age range of 825-1065 years BP.
Twenty two depositional events are recorded between these samples, which, given
their ∼ 1000 to ∼ 1500 year age difference, suggests aggradation of the bar crest
by sand sheet deposition occurred once every 45 to 70 years. By contrast, since the
time the sediments associated with the OSL sample MRPFBC-A were deposited, only
one or perhaps two such aggradation events have occurred in the last 800 to 1000
years. The apparent accretion rate of the sediments above the top OSL date is 0.8 to
1.0mm per year. This is roughly one quarter of the accretion rate observed below this
sample. These results indicate that the frequency of deposition upon the bar crest has
diminished over the last 1000 years, as has the apparent aggradation rate.
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4.11.2.5 Culvern Bar Crest
At the Culvern site, one OSL sample was analysed from the third depositional layer
from the surface and a radiocarbon sample was analysed from 5.5m depth. As noted
in the section detailing the stratigraphy for this site, the profile consists of alluvial
deposition upon an estuarine substrate, and the two dates pertain to the aggradation of
the fluvial sediments. The lower radiocarbon date (ANU-12046) gave a calibrated age
range of 1600 to 2350 years BP, and the OSL age at 1.5m depth (MRCV-B4) gave an
age range of 680 to 960 years BP.
These ages indicate high level bar aggradation occurred at 3.4mm per year, which
is consistent with the Stockyards and (upper) Pams Farm bar aggradation rates. The
time elapsed between the two dating samples is 640 to 1670 years, during which time
15 depositional layers are recognised amidst the upper 4m of core. This suggests that
deposition of the major sand layers that formed the bar occurred once every 40 to
110 years at this site, consistent with values measured elsewhere along the Macdonald
Valley. Extrapolation of the accumulation curve in Figure 4.29 down to the estuar-
ine sediments (∼ 8m depth) suggests that fluvial aggradation commenced at this site
between 2000 and 3000 years ago.
In comparison with the ages of the uppermost sedimentary layers determined for
the high level bars upstream, the age of 680-960 years BP for sample MRCV-B4
is comparatively young. This suggests aggradation of the high level bars was time-
transgressive along the valley. However, like the other high level surface profiles, the
age of the top OSL sample indicates a reduction in both the frequency of aggradation
events (only two events in ∼ 800 years) and the vertical aggradation rate over the last
800 years relative to the preceding growth phase.
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4.11.3 Formation Epoch of the Mid-Level Bench
Two OSL ages have been calculated for sediments from the mid-level bench core at
Pams Farm and are augmented by a radiocarbon date from detrital charcoal near the
base of the core (see Figure 4.24 for sample locations and stratigraphy). The charcoal
sample was from a distinct charcoal and silt rich layer at the base of a thick sand
deposit and gave a calibrated radiocarbon age range of 1050-1390 years BP. This age
overlaps substantially with the OSL age of 1125-1375 years BP for sample MRPFMB-
B10 from sediments one metre higher but apparently within the same depositional
layer. The uppermost OSL sample (MRPFMB-B2) was from 80cm depth and gave an
age range of 600-800 years BP. The vertical aggradation rate for the mid-level bench
calculated using the two OSL ages was 7.4mm per year and it is noted that the depth
versus age curve based on the two OSL ages intersects the radiocarbon age within its
uncertainties.
This aggradation rate is roughly twice the estimated aggradation rate of three of
the four high level bar crests examined elsewhere along the valley (including that at
Pams Farm). However, at Pams Farm at least, aggradation of the bench was confined
laterally by the presence of the high level bar on the right bank and a bedrock wall on
the left bank such that the higher vertical aggradation rate could be a product of a more
restricted depositional area. Conversely, it is noted that the cross sectional area of the
left and right bank bench units at Pams Farm roughly correspond to the cross sectional
area of the high level bar crest, in which case the vertical aggradation rates would be
expected to be similar.
The interval between the uppermost OSL date and the lowermost radiocarbon date
is 790 to 300 years. Fourteen depositional events are noted in between the dated sed-
iments, which suggest a return period of aggradational events of between 20 and 60
years for the formation of the mid-level bench. In light of this, the 600-800 year BP
age of the upper most OSL date, located in the third (possibly second) depositional
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layer from the surface, suggests that only one or two depositional events have been
recorded since then. The apparent aggradation rate above this top OSL sample is only
0.9 to 1.3mm per year. Clearly since 600-800 years BP there has been a marked re-
duction of both aggradational event frequency and vertical aggradation rate relative to
the earlier history of this landform.
4.11.4 Formation Epoch of the Modern Floodplain
It has been suggested that the erosion scarp visible along the valley was formed by
the channel widening of the 1949-55 floods. This would imply that the sediments
aggrading below this scarp and which comprise the modern floodplain should have an
appropriately young burial age and their age would also provide a minimum age for the
formation of the erosion scarp. OSL dating of sediments from the modern floodplain at
the Stockyards gave an age range of 35-175 years. Values at the lower end of this range
are consistent with this feature having formed since the 1949-55 floods. Whether by
coincidence or otherwise, the age of these modern floodplain sediments corresponds
with return periods calculated for aggradational events upon the high level bars and
the mid-level bench landforms during their main growth phases.
4.12 Historical Channel Change
Local recollections and air photographs indicate that prior to the 1949–55 floods that
wrought so much change to the channel of the Macdonald River, grassy banks sloped
gently to the river bed, which was commonly 10 to 20 m in width. Such a recollection
lies in stark contrast to the trough shaped channel that was formed by the 1949-55
floods.
It could be that the mid-level bench was the feature that comprised these “gently
sloping banks” and all that now remains of this feature are the small bench remnants
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preserved sporadically along the valley. To illustrate this, Figure 4.34 shows the 1944
air photograph imagery of the Stockyards and Duck Bar sites coupled with the outlines
of the present day geomorphic units. The channel’s bed width was obviously much
narrower in the early 1940’s and a significant amount of what was previously a grassed
river bank is now part of the channel. It is worthwhile noting the absence of any
substantial riparian vegetation in this photograph.
4.12.1 Early Twentieth Century Evolution
The twentieth century saw substantial change to the morphology of the Macdonald
River. How the channel evolved during the “drought dominated regime” of the first
half of the twentieth century is not particularly clear, but the model proposed by Warner
(1987), Erskine and Warner (1988) and Warner (1994) suggests that the river channels
of the Sydney Basin and Hunter Valley both deepened and narrowed in response to the
comparatively dry conditions.
The air photographs of the Macdonald River from 1944 show a much narrow river
bed than is observed in most places today, with what appear to be sandy grass covered
slopes extending to the river bed. Whether bed incision occurred during this period is
unclear. To illustrate the nature of the channel and riparian zone in 1944, Figure 4.34
shows an air photograph from this time of the Stockyards and Duck Bar sites along
with the outlines of the present day landforms. The river bed was much narrower
and a significant amount of what was previously grassed river bank is now part of the
channel.
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4.12.2 1949-55 Floods and Channel Responses
The 1949-55 floods (see Table 4.2 for a listing of stage heights) caused much change
to the channel of the Macdonald River, details of which are provided by both Henry
(1977) and Erskine (1986). Major widening of the river bed occurred as the grassy
benches that flanked the channel were eroded and lateral incision into the proximal
sides of both the mid-level benches and high level bar crest sediments occurred. Whether
the erosion of the bank sediments was by fluvial scour during the high stages of the
flood or by mass wasting of saturated sediments during flood drawdown is not clear.
Anecdotal reports of both processes have been given.
A consequence of the erosion of the river banks and the sediment input into the
study reach from upstream was bed aggradation of approximately 2-3m along the river
from well upstream of the study reach to Lyndrian (Henry, 1977). A number of bridges
across the river were buried or had to be raised in response to this bed aggradation.
Erskine (1986) argues for a coarsening of sediment calibre below St Albans presum-
ably arising from the input of sands into what were formerly tidal and semi-estuarine
reaches. Meander cutoffs occurred at a site approximately 1km downstream of St Al-
bans and at Flemmings Creek, reducing the sinuosity of the river from 1.16 to 1.06
(Erskine, 1986).
Measurements of the bed width of the Macdonald River made from 1941 (pre-
flood) and 1953-4 (post-flood) air photographs and from field surveys conducted in
2002 show ongoing evolution of the river channel. The width of the channel bed is
the feature most reliably and accurately measured from georeferenced air photographs
as the highly reflective sand bed contrasts strongly with the darker, grassed banks in
the black and white air photographs of 1941 and 1953-4. Figure 4.35 shows the bed
widths measured along the river in 1941, 1953-4 and 2002. Unfortunately, overlapping
sections of aerial photography from 1941 and 1953-4 cover only approximately 2km
of the channel near the Piggy Back Bridge. In 1941, bed widths averaged 19m above
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St Albans, and at only one measurement site along this reach did the bed width exceed
40m. By 1955, after the passage of the floods, the channel had a trough like morphol-
ogy and the mean bed width (as measured from the air photographs) had increased to
77m, though the width was highly variable in absolute terms and exceeded 100m in
many locations.
Figure 4.35 shows a series of points labelled as “scarp width”. These data points
are derived from field measurements and represent the width from the base of the
erosion scarp at a site to the base of the high level bar crest, mid-level bench or bedrock
on the opposite (generally outer) bank, as observed in 2002. These scarp width points
are consistent with the observed 1953-4 bed widths and indicate that the erosion scarps
are a product of the channel enlargement of the 1949–55 floods. The contemporary
bed widths are also shown for the same measurement sites and are generally half the
scarp widths, and in the middle reaches of the data set, closely resemble the 1941
bed widths. The grey lines linking these two points represent the magnitude of the
contraction in bed width due to formation of the modern floodplain since the channel
widening occurred.
Comparison of the bed widths at the D/S Brooks Point and Mackays Paddock
sites with three bed width measurements from a meander cutoff at Flemmings Creek
(Lyndrian in Figure 4.35) reveal that for the tide dominated reach downstream of this
cutoff, bed widths did not change appreciably as a result of the 1949–55 floods.
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Despite extensive inundation of the high level bar crests along the the Macdonald
Valley during the 1949-55 floods and the substantial liberation of sands from bank
erosion, deposition of major sand sheets upon the valley floor was not equally exten-
sive. The 1955 aerial photographs show that deposition of large sand sheets beyond
the confines of the channel occurred primarily between the Word of Life and Mac-
donald Downs sites. This section of the river is shown in Figure 4.36 where the sand
sheets are clearly visible in the 1955 air photographs. The elevation and location of
these sand sheets are shown in Figure 4.18 as asterisks. It is significant that the floods
of the 1949-55 period, which were the largest in living memory and probably had a
recurrence interval of around 100 years or greater, failed to substantially aggrade the
high level bar crests or mid-level benches along much of the valley (at least in a man-
ner similar to that evident in the sedimentary record). This supports the inference that
both the high level bar crests and the mid-level bench are hydrologically abandoned
alluvial landforms, at least upstream of the estuarine zone.
In profile, this zone of sand sheet aggradation is below the high level surface and
appears on trend with the top of the mid-level bench, if the bench surface is extrapo-
lated downstream (Figure 4.18). This is not to say that this 1949-55 deposition resulted
in the accretion of a bench equivalent as the depositional characteristics were quite dif-
ferent.
The sand drapes visible in Figure 4.36 extend across the floodplain and are clearly
not forming a bench adjacent to the channel as occurred upstream. These sand sheets
are building a floodplain around the flanks of what appear to be remnants of the high
level surface in this section of the river. These remnants consist of alluvial ridges ex-
tending roughly parallel to the channel. These remnants share the darker floodplain
sediments observed in the bar crest cores from upstream and hence contrast with the
lighter colour of the modern floodplain and sand splay sediments. Figure 4.37 illus-
trates this aggradation pattern in cross section for the Wonga site.
Figure 4.36: Sedimentation pattern around Central Macdonald, as captured in the 1955 aerial pho-
tographs. The sand splays from the 1949-55 floods are visible as white drapes across the floodplain,
and the sections of the high level surface along this reach are outlined and hatched in yellow and green.
No major sand splays were observed downstream of Macdonald Downs. Note the meander at Silver-
wing was cut off during the 1949-55 floods, though the meander at Brooks Point was cut off prior to
European settlement.
Figure 4.37: Schematic cross section from west to east across the apex of the bend at Wonga, showing
cross sectional relationships between the high level surface and the infilling sand splays. The underlying
estuarine sediments are inferred on the basis of their presence at the base of the Culvern core ∼ 5km
upstream, under sandy high level surface sediments.
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4.12.3 Summary of Dating Results and Floodplain Evolution
Table 4.6 summarises the main chronological results concerning the formation of the
three alluvial surfaces recognised within the Macdonald valley. These chronological
results indicate that formation of the high level bars, presently found up to 12m above
the present day thalweg, occurred between 4000 and 1500 years BP through episodic
aggradation of sand layers once every 40 to 160 years. The vertical aggradation rate for
the high level bars was between 2.7 and 3.9mm per year and appears consistent over the
last 4000 years at the Stockyards, but may have varied at other sites if erosional events
had removed pre-existing floodplain deposits. These bars and associated alluvium
established the present day alluvial structure of the valley.
The high level bars (with the exception of the Ferndale site) had ages of 1000 to
2000 years for sediments between 50 and 100cm depth. These ages indicate reduced
aggradation rates and longer intervals between bar accretion events since these sam-
ples were emplaced. Soil development upon the present day surface of the high level
bars is more advanced than for former ground surfaces buried during their rapid accre-
tion phase. Under the present flow regime, the bars are only rarely inundated and no
significant sediment deposition is occurring upon them. It is concluded that these high
level alluvial landforms have been hydrologically abandoned by the river over the last
1000 years.
At Pams Farm, the growth of the mid-level bench over the period 1100 to 600
years BP appears either coincident with, or to shortly follow, the end of sedimentation
upon the bar crests. The growth of the mid-level bench represented the formation of a
secondary alluvial surface within the valley and caused a reduction in channel width.
The 600-800 year old date from near the surface of the Pams Farm mid-level bench is
significantly older than would be expected for a modern deposit. Like the high level
bars, a well developed soil profile is evident in the uppermost sediments of the bench.
It is concluded that the Pams Farm mid-level bench has also been abandoned by the
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Macdonald River as a floodplain well prior to the 1949-55 floods that produced the
erosion scarp at this site.
The 1949-55 floods caused substantial widening of the channel and shifted the thal-
weg’s intersection with mean sea level 7.6km downstream. Following this, a modern
floodplain 2 to 4m above the thalweg formed above the estuarine reach and is inun-
dated at least once every four years. Within the estuarine reach, floodplain aggradation
continues by sand sheet deposition upon what appears to be an eroded substrate of the
high level surface. These sand sheets are on trend with the mid-level bench and may
represent time-transgressive floodplain growth down valley into the estuarine zone.
Chapter 5
Holocene Geomorphology of the
Tuross River
5.1 Chapter Outline
This chapter describes the fluvial landforms of the Tuross Valley. Detailed topographic
surveys, sedimentologic analysis and geochronological methods are employed to char-
acterise the alluvial landforms identified along the valley and to interpret their evolu-
tion. Analysis of the available climatic data is undertaken to investigate the twentieth
century climatic history of the region, which is compared to other regions where sys-
tematic climatic variation is known to have occurred. Finally, comparisons of channel
morphology since the earliest set of air photographs are used to examine the short term
morphologic history of the river.
5.2 Geology
The Tuross River catchment sits within the palaeozoic rocks of the Lachlan Fold Belt.
A suite of metamorphosed Ordovician sandstones and shales, Silurian and Devonian
granites and middle Devonian sediments comprise the catchment bedrock and are
shown in Figure 5.1. The Ordovician and Devonian meta-sediments are the dominant
lithology of the catchment by area. To the west, the crest of the Great Dividing Range
and its eastern flanks consist of Silurian granite intruded into the Ordovician sedi-
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ments. To the catchment’s south, the Cretaceous Mount Dromedary volcanic complex
stands as a topographic high point along the south coast, and minor Tertiary basalt
form outcrops in the vicinity of Bodalla. Weathering and erosion of the catchment
bedrock has supplied the river with a mixture of cobbles, sands, silts and clays. Cob-
ble deposits found along the steeper river reaches consist of a mixture of igneous and
meta-sedimentary clasts reflecting the diverse bedrock types.
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5.3 Topography
The Tuross River catchment is 2150 km2 in size and rises more than 1000m above sea
level on the eastern flanks of the Great Dividing Range. The river flows to the Tasman
Sea via the Tuross Lakes estuary. Figure 5.2 illustrates the catchment topography and
major hydrographic features. The western margin of the catchment is the highest,
with some peaks exceeding 1300m elevation. Much of the catchment has high relief,
with overall topographic relief reaching a maximum downstream of the Tuross Falls
knickpoint, where an 800m deep gorge has been cut into the Ordovician sediments and
Devonian granite bedrock (see Figure 5.3). Topographic relief decreases coastwards
to around 300m in the vicinity of Nerrigundah and to 100m at Bodalla.
The long profile of the river calculated from 1:25000 scale topographic maps with
10m contours is shown in Figure 5.4. A consistent steepening of the bed gradient up
to Tuross Falls is evident in the long profile.
The hypsometric curve for the river shown in Figure 5.5 indicates that the river has
a relatively small amount of very high altitude land, with the majority of the catchment
lying below 500m above sea level. The part of the catchment draining the undulating
southern tablelands surface above the gorge reach is reflected by the pronounced up-
ward convexity in the hypsometric curve between 750 and 1100m elevation. Alluvial
lowlands, whilst not extensive, exist for approximately 60km upstream of the river
mouth, but get progressively narrower and less continuous upstream of the estuary.
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Figure 5.3: Photograph of the Tuross River gorge below Tuross Falls, showing the deep incision of the
river into the surrounding bedrock.
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Figure 5.4: Long profile (solid line) and bed gradients calculated from 10m contours mapped at 1:25000
scale (grey line with dots) for the Tuross River.
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Figure 5.5: Hypsometric curve for the Tuross River catchment calculated from the 9 arc-second digital
elevation model of Australia.
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5.4 The Tuross Lakes Estuary
The Tuross Lakes estuary is a wave dominated barrier estuary which developed in a
small coastal embayment in response to post-glacial sea level rise (Roy and Thom,
1981; Roy et al., 2001). The estuary contain lagoons impounded by a coastal sand
barrier upon which dunes have formed. Data from the Moruya barrier approximately
20km north of the Tuross show that barrier construction along the New South Wales
south coast commenced with the stabilisation of a high sea level 6500 years ago and
continued until 3000 years ago when the barrier systems stabilised (Thom et al., 1981;
Thom and Roy, 1985). Barrier and dune complexes of this type may completely seal
an estuarine lagoon from the ocean, though for larger river systems such as the Tuross,
the combined fluvio-tidal flux is usually sufficient to maintain an inlet breaching the
coastal barrier, where a sandy flood tide delta forms. An oblique aerial photograph of
the coastal barrier for the Tuross estuary is shown in Figure 5.6.
Sedimentary infilling of such barrier estuaries varies along the New South Wales
coast (Thom and Roy, 1985) and the Tuross Lakes estuary is only partially filled. Roy
and Peat (1975) and Ferguson and Brierley (1999a) note from drill core stratigraphy
that fluvial sediments have prograded over estuarine sediments during the Holocene
and a birdsfoot delta (Dalrymple et al., 1992) now extends into the estuarine lagoon.
5.4.1 Tuross Estuary Tides
Water levels along the Tuross Estuary are affected by ocean tides though the coastal
barrier controls the exchange between the estuary and the ocean. Table 5.1 lists sum-
mary tide data for Sydney and Port Kembla (the nearest stations for which predictions
are available) as given in the Australian National Tide Tables (Australian Hydrographic
Service, 2002b). The spring tide range is 1.2m and the maximum predicted tidal range
for 19 years of predictions is 2.0m. Figure 5.7 shows water level observations during
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Figure 5.6: Oblique aerial photo of the Tuross estuary coastal barrier showing flood tide delta, lagoon
with birdsfoot delta and the Great Dividing Range in the background. Photo taken in 2000 by NSW
Department of Land and Water Conservation.
late August 2003 for the Narooma Public Wharf (which is relatively open to the ocean)
and for the Tuross Estuary (measured at Tuross Heads behind the coastal barrier). The
water level at Narooma has a clear sinusoidal variation due to oceanic tides with a
∼ 1m tidal range for the period of observation. The water level variations for the Tur-
oss Estuary show a much lower tidal amplitude (∼ 0.15m) and a more irregular cycle
due to the restrictive inlet at this time.
tide gauge HAT MHWS MHWN MSL MLWN MLWS LAT
Sydney 2.0 1.6 1.3 1.0 0.6 0.3 0.0
Port Kembla 2.0 1.5 1.3 0.9 0.5 0.3 0.0
Table 5.1: Tide data for Sydney and Port Kembla, all units in meters. HAT = highest astronomical tide,
MHWS = mean high water springs, MSL = mean sea level, MLWN = mean low water neap, MLWS =
mean low water springs, LAT = lowest astronomical tide.
 
 
 
 
 
Figure 5.7: Map of tide measurement stations for the Tuross River region (top) and time series plots
of water surface elevation for Narooma (bottom left) and Tuross Heads (bottom right) for a number of
days in late August 2003. Images downloaded from Manly Hydraulics Laboratory.
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5.5 Climate
5.5.1 Regional Climatology
Figures 5.8 to 5.11 show climate data for a number of meteorological stations sur-
rounding the Tuross Catchment. Narooma and Bodalla are to the east in the coastal
lowlands whilst Braidwood and Nimmitabel are located near the crest of the Great
Dividing Range further west. Temperature varies on an annual cycle which is more
pronounced for the highlands stations. Mean monthly rainfall varies between 60 and
140mm with a mild late winter rainfall minimum evident for the two lowland stations
and the monthly rainfall is higher for the coastal stations. The highest monthly rainfall
totals recorded for the region range from 411mm at Nimmitabel to 867mm at Moruya
Heads. Maximum daily rainfall totals range from 200mm at Braidwood to 362mm at
Narooma.
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Figure 5.8: Climate data for Narooma (station number 069022).
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Figure 5.9: Climate data for Bodalla State Forest (station number 069007).
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Figure 5.10: Climate data for Nimmitabel (station number 070067).
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Figure 5.11: Climate data for Braidwood (station number 069010).
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Figure 5.12: Temporal distribution of rainfall records for the Tuross River region.
5.5.2 Temporal Trends in Annual Rainfall
Daily rainfall records for six rainfall stations within, or in close proximity to the Tur-
oss River catchment were examined for trends in twentieth century rainfall. The sta-
tions and their identification numbers are as follows: Cobargo (069014), Narooma
(069022), Bodalla (069036), Belowra (069037), Nerrigundah (069059), Snowball (069062).
Their locations are shown in Figures 5.1 and 5.2. The temporal coverage of each of
these stations is patchy, with Figure 5.12 showing the period of record covered by
the various rainfall stations. Mean annual rainfall totals for the six stations are shown
in Table 5.2. Mean annual rainfall for the region ranges from 860 to 980mm with a
standard deviation of 190 to 390mm.
Decadal scale changes in annual rainfall totals have been a climatic characteristic
of regions north of the Tuross catchment such as the in the Hawkesbury-Nepean and
Hunter drainage basins (Pittock, 1975). In these catchments, a relatively dry first half
Cobargo Narooma Bodalla Nerrigundah Belowra Snowball
mean 917 913 980 872 864 882
s.d. 378 311 326 235 325 188
Year
1900 1131 1317 948 848
1914 1249 940 1485 1447 1173
1916 1254 1052 1314 1305 1314
1925 1016 1247
1934 1869 1774 1863
1950 1715 1701
1952 2075 1480
1956 2173 1499 1893 1513
1959 1263 1226 1416 1282
1961 1921 1707 1614
1963 1426 1513 1719 1171 1315
1974 1722 1577 1733 1431
1975 1733 1425 1804 1419
1976 1500 1401 1795 980
1991 1089 1341 1431
1992 1634 1523 1352
Table 5.2: Mean annual rainfall totals for the Tuross River region and a listing of annual rainfall totals
for identified “wet years”. All data is in units of millimeters.
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of the twentieth century was followed by a marked increase in rainfall, particularly
summer rainfall, during the latter years of the of the 1940’s and mean annual rain-
fall remained above pre-1940 levels for many decades. Changes to flood-magnitude
frequency relationships corresponded to this climatic change, with more frequent and
greater magnitude floods occurring in the second half of the twentieth century relative
to the first half. This has been of significance to the geomorphologic behaviour of local
river systems (Pickup, 1976; Erskine and Bell, 1982; Warner, 1994). It is worth inves-
tigating the climate history of the Tuross region as similar changes may have affected
the catchment.
Time series of annual rainfall totals for the Tuross Region were examined for “re-
gionally wet” years. “Regionally wet” years are defined here as those with notably
greater annual rainfall recorded at a number of regional stations, relative to other pre-
ceding or ensuing years. Emphasis has been placed upon the Cobargo, Narooma and
Bodalla records because of their long durations. Five regionally wet years were iden-
tified in the first half of the twentieth century and are listed in Table 5.2. For these
years, 1934 was clearly the wettest, with annual rainfall totals approximately double
the long term means in the three stations for which data was available. Local landhold-
ers report a substantial flood occurred along the Tuross during this year. For the other
four regionally wet years of the first half of the twentieth century, the annual totals
were generally of the order of 1000 to 1300mm. By contrast, the second half of the
twentieth century experienced 11 regionally wet years, four of which were during the
1950’s. The rainfall totals of these post-1950 regionally wet years generally exceed the
values of the regionally wet years observed prior to 1950. It should be noted that the
rainfall data for the station at Belowra, the most centrally located with regards to the
shape of the Tuross’s catchment, records notably lower wet year rainfall totals relative
to its mean when compared to the data presented for Cobargo, Bodalla and Narooma.
That is, wet years appear to be wetter closer to the coast than inland.
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More formal statistical tests examining differences in the annual rainfall totals be-
tween the periods 1900–1948 and 1949–1998 have been conducted. The distribution
of annual rainfall totals for Bodalla, Cobargo and Narooma for the twentieth century,
split at 1948-49, are shown as boxplots in Figure 5.13. More dispersed and positively
skewed distributions are evident for the 1949–1998 period. The post 1948 climatic pe-
riod experienced mean annual rainfall 20 to 25% greater than the preceding years back
to 1900. No significant differences in median annual rainfall value were identified at
the 95% significance level (shown by the overlapping notches around the median bar
of the boxplots), yet the differences in the means were highly significant. This is at-
tributed to the greater frequency and magnitude of very wet years post-1948, skewing
the distributions for this period. Dry years still occurred after 1948, though at a lower
relative frequency. Thus from the perspective of annual rainfall totals, the Tuross River
region experienced a twentieth century rainfall history similar to that documented for
the Nepean and Hunter drainage basins and for the Bega River to the south (Brooks
and Brierley, 2000).
5.6 Hydrology
Four stream gauging stations are situated along the Tuross River and their locations
are shown in Figure 5.2. Listings of their period of record, catchment area, maximum
recorded discharge and last major flood are given in Table 3.4. The records for the
Eurobodalla gauge are most relevant to this study as the gauge is located in the middle
of the study reach.
5.6.1 The Rating Curve for the Eurobodalla Gauge
The gauge section at Eurobodalla consists of a sand bed below a bedrock hillslope
on the right (outer bend) bank and an alluvial point bar on the left (inner bend) bank
5.6 Hydrology 173
1900 − 1948 1949 − 1997
50
0
10
00
15
00
20
00
Bodalla
An
nu
al
 R
ai
nf
al
l (m
m)
p for t test = 0.013
1900 − 1948 1949 − 1997
50
0
10
00
15
00
20
00
Cobargo
p for t test = 0.008
1900 − 1948 1949 − 1997
50
0
10
00
15
00
20
00
Narooma
p for t test = 0.014
Figure 5.13: Analysis of pre and post 1949 annual rainfall totals of the twentieth century for stations in
the Tuross River region. Overlapping notches on the box plots indicate statistically significant median
values (none were significantly different), whilst the p-value shown for a t test for significant differences
in the means indicates mean annual rainfall has differed significantly throughout the two halves of the
twentieth century. The grey margins on the vertical axes indicate annual rainfall observations. The
outlier point in the 1900-48 distribution is the year 1934 for all three stations.
extending at least 16m above the thalweg. Sand bed controls can be unstable cross
sections as their morphology can change significantly during floods thus altering the
stage versus discharge relationship. However, the presence of a bedrock wall along the
outer bend of the channel at the gauging site lends a degree of stability to the section
and examination of the station records indicates no major cross sectional changes have
occurred that would be of consequence to this study.
Figure 5.14 shows the gaugings taken at the Eurobodalla gauge since its estab-
lishment, along with the August 1998 rating curve. The maximum gauged stage
was 7.18m observed in March 1978, and corresponded to a measured discharge of
716m3/s. The rating curve gives the appearance of under-predicting discharge rates at
high stages as it is offset from the high stage gaugings taken in 1978. However, this
offset is due to a lowering of gauge zero in November 1982 by an unspecified height
(though judging by Figure 5.14 by approximately 1m) to obviate the negative stage
readings that were being recorded for low flows. Also shown on Figure 5.14 is the
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maximum recorded stage, occurring during the flood of December 1992. Clearly, at a
stage height of over 13m the discharge estimate represents a significant extrapolation
of the rating curve. Consequently, discharge values based on stage heights in excess
of about 9m (≈ 1000m3/s) should be viewed as extrapolated estimates and not highly
accurate values.
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Figure 5.14: Stream gaugings and the contemporary rating curve for the Tuross River at Eurobodalla.
Note the evidence of change of gauge zero between 1982–83.
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5.6.2 Rainfall-Runoff Relationships
5.6.2.1 Individual Rainfall Events and Flood Peaks
At Bodalla, the top two daily rainfall totals of 293 and 337mm were recorded in 1945
and 1971 respectively. Yet, the flood with the highest peak instantaneous discharge
at Wadbilliga (the station for which the most extensive set of discharge observations
exist), occurred in 1978 and was associated with moderate maximum daily rainfall
totals of approximately 150mm at both Belowra and Bodalla. This suggests that the
network of rain gauges across the catchment failed to capture the spatial location of the
most intense rainfall, split the critical rainfall event across a number of observational
periods (ie. days), or that antecedent moisture conditions made runoff generation for
this event particularly efficient.
Daily rainfall totals of 387, 332 and 424mm have been recorded at the nearby
Cobargo rainfall station for the years 1971, 1975 and 1992 respectively and indicate
the magnitude of rainfall events that can be expected within the catchment. These daily
rainfall totals are consistent with those observed elsewhere in the region by Nanson and
Hean (1985) for catchments in the Wollongong area, and by Scott (1999) for the Bega
River to the south, where in each case, event totals may exceed 800mm, spread over
two or more days.
Figures 5.15 and 5.16 show hydrographs for two years (1978 and 1991) during
which floods greater than 2000m3/s were recorded at the Eurobodalla gauge, shown
with the corresponding daily rainfall data from Belowra. Once discharge starts rising
during such events, the event peak is reached within 40 hours. The falling limb of
the hydrographs is of gentler gradient, but in both cases, elevated base flow rates and
a greater runoff generation efficiency can be seen to persist for several hundred days
following these large events.
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Figure 5.15: Hourly hydrograph for station 218008 (Tuross River at Eurobodalla) for the year 1978
(log scaled left vertical axis), shown with corresponding daily rainfall totals for Belowra (linear scaled
right vertical axis).
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Figure 5.16: Hourly hydrograph for station 218008 (Tuross River at Eurobodalla) for the year 1991
(log scaled left vertical axis), shown with corresponding daily rainfall totals for Belowra (linear scaled
right vertical axis).
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5.6.2.2 Monthly Rainfall Runoff Relationship
A monthly rainfall-runoff analysis has been conducted for the catchment using the
Belowra rainfall records and the discharge records from the Eurobodalla gauging sta-
tion located downstream of Belowra for the period May 1977 to June 1998 (with 3
months of missing data). The relationship between incident rainfall and runoff (ex-
pressed as millimetres through division of discharge volume by catchment area) is
shown in Figure 5.17. Much scatter exists in the data for monthly rainfall totals of less
than 100mm, with a number of months showing runoff coefficients in excess of 100%.
This variability is taken to indicate that monthly rainfall totals less than 100mm have
little consistent impact upon stream flow.
For those wet months with rainfall totals greater than 100mm, the variability in
runoff coefficient decreases, though still ranges from below 10% to near 100%. The
trend of increasing efficiency of runoff generation with increasing rainfall is fairly
clear and is represented by the lowess (Cleveland, 1979; 1981) curve fit to the data
which is considerably steeper than the runoff coefficient isolines. The explanation for
the months where runoff coefficients are calculated as being in excess of 100% can be
found in Figures 5.15 and 5.16 which show antecedent moisture conditions can sus-
tain base flow rates in excess of the rate at which water is added to the catchment. In
addition, the strong topographic gradients of the headwaters of the Tuross River as it
descends from the Great Dividing Range, could well lead to higher rainfall in the head-
waters of the Tuross from localised orographic effects, than that recorded at Belowra
approximately 20km from the eastern flanks of the Great Dividing Range. In light
of the contrasting rainfall regimes of the twentieth century, the non-linear efficiency
of runoff generation, particularly when monthly rainfall totals exceed 100mm (equiva-
lent to 1200mm per year) is a highly significant feature of the catchment’s hydrological
behaviour.
In the first half of the twentieth century, apart from the wet year of 1934, the other
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Figure 5.17: Monthly rainfall–runoff relationship for the Tuross River at Eurobodalla based on the
Belowra rainfall records for incident rainfall. The straight diagonal lines are runoff coefficient isolines
corresponding to the proportion of incident rainfall observed as discharge. The thick black line shows
the lowess fit to the data.
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four regionally wet years appear to be only marginally wetter than the 1200mm which
would be required to cause a substantial increase in runoff generation efficiency. By
contrast, evidence of numerous regionally wet years after 1948 with annual totals in
excess of 1400mm and even as high as 1800mm would have placed many of the con-
stituent months within the high runoff generation efficiency mode that exists when
monthly rainfall exceeds 100mm. Consequently, the 20 to 25% increase in mean an-
nual rainfall after 1948 relative to the preceding 50 years is predicted to have been
amplified in terms of river discharge rates.
5.6.3 Twentieth Century Trends in Stream Discharge
The best data to test the prediction of an amplification of the twentieth century rainfall
changes in terms of stream flow generation due to the non-linear nature of runoff gen-
eration would be discharge measurements from before and after the climatic change.
However, such data is not available for the Tuross River nor more generally for the
south coast as the stream gauging network for the region essentially post-dates the
1950’s. Stage height records of major floods dating back to the nineteenth century are
available for the Bega River and have been analysed by Brooks and Brierley (1997)
and Brooks and Brierley (2000).
In this study, modelled monthly stream discharge totals for the period 1901 to 1998
are used to examine the twentieth century discharge history for the catchment. This
data is derived from a modified version of the HYDROLOG rainfall-runoff model
(Porter and McMahon, 1975; Chiew and McMahon, 1994; Peel et al., 2000) for gaug-
ing station 218002 (Tuross River at Belowra). The statistics pertaining to the quality
of model fit are given in Section 3.7.2.
Using the 1901 to 1998 period of monthly stream flow predictions, a plot of the cu-
mulative sum of monthly residuals from the reconstructed long term mean is shown in
Figure 5.18, plotted against time. Assuming the rainfall runoff relationship of the cal-
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ibration period holds for the twentieth century, the cumulative residual plot indicates
that the first half of the twentieth century experienced monthly stream discharge rates
consistently below the 1901-1998 average. The “regionally wet” years listed in Table
5.2 are coloured grey and correspond to periods of above average flow, both before
and after the climate change. The late 1940’s through to the 1960’s experienced con-
siderably above average stream flow as indicated by the steep positive gradient of the
cumulative residual curve during this period. This section of the cumulative residual
curve also corresponds with a high frequency of “regionally wet” years. Other notably
wet phases occurred during the mid-1970’s and late 1980’s to early 1990’s, though
since the 1970’s streamflow rates have varied on a shorter 10 year timescale.
The reconstructed stream flow results for the 1901 to 1948 period had a mean
monthly discharge rate of 3.0m3/s. After 1949, mean annual rainfall increased by 20
to 25%, yet the reconstructed mean monthly discharge rate increased by over 60% to
4.9m3/s. An equivalent shift is also observed in the median monthly discharge rate as
well (1.5m3/s during 1901-1948 compared to 2.4m3/s during 1949-1998). Taking the
model calibration at face value (and noting that the systematic under-prediction of high
flow months would supress the observed trend), the interpretation of Figure 5.18 is that
contrasting rainfall regimes of the first and second halves of the twentieth century were
resulted in substantial changes in monthly stream discharge rates, disproportionate to
the rainfall change.
The earliest set of aerial photographs of the Tuross River were taken in 1944.
Within the context of the climatic and discharge regimes established here, these pho-
tographs preserve the channel morphology prior to the major hydro-climatic change
that occurred in 1948. The photos do however follow the very wet year of 1934 when
a substantial flood is known to have occurred along the river.
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Figure 5.18: Cumulative residual discharge plot for the Tuross River at Belowra calculated using mod-
elled discharge data. The grey bars highlight “regionally wet” years identified from the rainfall records
for the Tuross Region and are listed in Table 5.2. In this figure, a negative trend indicates below average
monthly discharge rates, a horizontal trend indicates average conditions and a positive trend indicates
above average discharge rates (the average is calculated using the 1901 to 1998 modelled data).
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5.6.4 Flood Frequency Analysis
The gauging records for the Tuross catchment span the second half of the twentieth
century (see Table 3.4) and indicate major floods occurred during the years 1978, 1991
and 1992. Each of these events exceeded 2000 m3/s at the Eurobodalla gauge. Since
1992, floods of 936, 592 and 146 m3/s have been recorded at Eurobodalla in 1997,1998
and 1999 respectively. A more comprehensive listing of the annual maximum flood
series for the four gauges of the catchment is given in Table 5.3.
Pilgrim and Doran (1987) recommend the fitting of a Log Pearson type III (LPIII)
distribution to the annual maximum series of stream gauging records in Australia in or-
der to estimate the annual exceedance probability (or average return period) of events
of specified magnitude. Figure 5.19 shows such a distribution fitted to the annual
maximum series for station 218008 (the gauge at Eurobodalla). Whilst the observed
data exhibit a consistent trend, the LPIII fit is a poor representation of this trend, and
significantly over estimates the magnitude of events with low annual exceedance prob-
abilities (< 0.05, or the 1 in 20 year event).
The distinctive S shaped distribution of the observations for this station when plot-
ted against a log–probability axis is also evident in the data of station 218005 upstream.
The significance of this is uncertain and may reflect a genuine hydrologic characteristic
of the catchment or a deficiency of the rating curve for high stage events, particularly
if overbank flow occurs. In any case, a Lowess curve fitted to the observed frequency
distribution is shown in Figure 5.19.
Whilst this fit provides an improved representation of the observed data distribu-
tion it provides less theoretical support for extrapolation to estimate the magnitude of
infrequently occurring events than if a predefined statistical distribution were adopted.
Attempts at fitting other distribution types to the observed record of station 218008
including the Gumbel and Generalised Extreme Value distributions met with limited
success. Using the Lowess curve to estimate flood quantiles, the event with an an-
218001 218002 218005 218008
Tuross Vale Belowra Wadbilliga Eurobodalla
(m3/s) year (m3/s) year (m3/s) year (m3/s) year
177 1978 895 1978 2061 1978 2663 1992
168 1983 825 1961 1952 1974 2228 1991
149 1975 662 1974 1862 1991 2181 1978
146 1991 616 1983 1613 1983 1513 1983
136 1952 421 1963 1600 1975 1311 1988
122 1974 400 1955 1459 1971 1275 1979
115 1997 395 1960 1380 1988 1155 1985
114 1988 385 1966 1308 1976 936 1997
110 1960 382 1976 1196 1992 865 1989
109 1976 379 1975 1095 1966 592 1998
100 1985 347 1956 1043 1985 460 1990
94 1992 340 1971 865 1969 445 1984
90 1956 337 1959 771 1970 256 1995
88 1959 249 1962 676 1979 146 1999
85 1970 231 1979 615 1997 133 1981
83 1990 217 1969 489 1990 64 1993
75 1961 175 1970 392 1989 30 1996
74 1971 171 1964 360 1998 21 1986
74 1951 119 1967 338 1964 16 1994
72 1979 89 1981 316 1984 13 1982
66 1955 81 1984 307 1967 13 1980
62 1950 80 1973 256 1977 8 1987
59 1989 72 1957 214 1981
58 1995 70 1958 210 1973
52 1973 57 1977 77 1972
52 1998 28 1972 66 1993
43 1984 24 1965 64 1995
41 2000 19 1980 59 1965
40 1957 9 1968 43 1999
36 1999 9 1982 37 1986
31 1954 7 1954 18 1980
30 1958 15 1982
30 1993 15 1968
27 1949 13 1994
25 1981 12 1996
14 1996 11 1987
12 1977
10 1986
10 1953
8 1987
7 1994
6 1972
4 1980
3 1982
2 1948
Table 5.3: Annual peak instantaneous discharge data for the Tuross River.
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nual exceedance probability of 0.05 (1 in 20 years) has a magnitude of approximately
2200m3/s and the 1 in 50 and 100 year events would, by extrapolation, have magni-
tudes somewhere around 3000 and 4000m3/s respectively.
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Figure 5.19: Flood frequency distribution for station 218008 (Tuross River at Eurobodalla), showing
observed data, Log Pearson Type III fit to the annual maximum series and an interpolated Loess curve
fitted to the same data.
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5.7 The Fluvial Landscape
The fluvial landscape of the Tuross River has been studied between Tinpot (located
58km from the coast) to the eastern tip of Gannons Point (the tip of the birdsfoot
delta extending into the Tuross Lakes estuary, though still some 5km from the coastal
barrier). Figure 5.20 is a detailed map of this section of the river showing the field sites
referred to in this section and the planform shape of the valley’s alluvial fill. Details of
the alluvial landforms of the valley will be presented as follows:
1. An examination of the long profile of the channel bed and flanking alluvial de-
posits along the study reach.
2. Presentation of a number of channel cross sections illustrative of the cross sec-
tional structure of the alluvial deposits near the channel.
3. A detailed topographic survey of the alluvial deposits and channel at the Donga
site.
4. Examination of the sedimentology and stratigraphy of the various alluvial units
as determined from face exposures and sediment cores.
5. Measurements of the chronology of alluvial deposition using optically stimu-
lated luminescence and radiocarbon dating methods.
Figure 5.20: (Overleaf) Map of the lower Tuross River showing field sites and extent of alluvial lands.
Margin tick marks are at 1000m increments.
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5.7.1 The Long Profile
5.7.1.1 Thalweg and Channel Characteristics
Figure 5.21 shows the long profile of the Tuross River and its flanking alluvial de-
posits between Tinpot and Gannons Point. The bedrock bar in the river bed at the U/S
(upstream of) Tinpot site is the downstream-most bedrock contol identified along the
study reach. Below this, the river bed is fully alluvial though at the Upper Motbey site,
the bedrock valley floor is probably only 1 to 2m below what is a boulder and cobble
overburden. The long profile has been divided into three zones defined partially by the
predominant bed material.
The steepest reach, located at the head of the study zone, overwhelmingly com-
prises cobbles and boulders with the b-axis (longest axis) of many of these particles
exceeding 30cm. These boulders and cobbles are clast supported, with interstitial
gravel and sand at depth but largely scoured from the surface. The channel flows
through pool and riffle sequences several metres in (vertical) amplitude, with sand de-
posits in some pools. This reach has a high gradient of 0.0011m/m. Sandy alluvial
deposits still flank the channel along this reach but only in sheltered valley positions.
Cobbles emerge from point bars up to several metres above the present day bed and are
clast supported upstream and as (sandy) matrix supported particles at lower sites such
as Donga. Gravel and boulder extraction occurs directly from the channel upstream
of the Gravelmine site and the extraction operators indicate that replenishment of the
cobbles occurs during moderate to large sized floods.
A flatter (S=0.0007) middle reach extending from Redrock to Waterhole Flat has
a mixture of coarse and fine bed sediments. Bedforms range from short cobble and
pebble riffle sections with lengthier intervening sand deposits to a complete sand bed
with isolated individual cobbles and pebbles mixed into the sands. Local landholders
indicate that this section of the river has had numerous pools infilled by sand over re-
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cent decades suggesting that bed relief across the pool–riffle sequence has diminished.
At sites such as Tally Ho and Waterhole Flat, the bed is completely sandy and has
minimal relief.
The flattest and lowest alluvial reach is between Oakview and Comerang Gate
leads into the estuary and has a bed slope of 0.0004m/m. Within this reach the bed
is predominantly sand but not exclusively so. Between the Turf Farm and Trespass
Bridge sites a major channel expansion zone exists as the river flows across and is
eroding, a large cobble deposit. Downstream transport of the coarser particles is lim-
ited as by Old Bodalla the bed is fully sand to a depth of several metres.
The present day estuarine zone extends from Comerang Bridge to the coast. At
least as far downstream as Central Farm the bed is sandy and sand bars within the
estuarine channel indicate recent aggradation of the estuary. Detailed bathometry and
sediment analysis of the estuarine embayment is presented in Roy and Peat (1975)
and a generally shallow (2 to 4m deep) estuarine embayment is evident but localised
scour holes up to 10m deep were observed. Estuarine water depth and aggradation is
probably highly dependent upon the flood sequencing.
5.7.1.2 Alluvial Surfaces
The birdsfoot delta extending into the Tuross Lakes estuary is represented by the Gan-
non1 and Gannon2 sites (blue squares) in Figure 4.18. This delta surface is a low
gradient promontory 1 to 3m above sea level and has multiple alluvial fingers extend-
ing into the estuary. A number of palaeo-channel chutes and billabongs are evident
upon the delta surface. The principal alluvial surface of the Tuross valley extending
upstream of the estuary is shown by the red triangles and red line and is referred to here
as the high level alluvial surface. This surface is commonly found 9 to 14m above the
thalweg and generally parallel to it except as it converges with present day sea level
downstream of Old Bodalla. The high level alluvial surface is the most extensive allu-
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vial surface along the valley. It extends along the entirety of the study reach including
beyond the bedrock bar at U/S Tinpot, though in reaches where the channel’s lateral
position and direction is strongly controlled by the bedrock valley walls, the alluvial
deposits of the high level surface exist as pockets primarily along the inner bends of
the river. Valley floor width increases downstream from less than 200m at sites such
as Donga or the Gravelmine to between 1000 and 3000m within the estuarine zone.
Even in the wider valley sections the bedrock valley walls retain a strong control on
the planform course of the channel.
A secondary alluvial surface, referred to here as the mid-level bench has also been
recognised along the valley by previous researchers (Ferguson and Brierley, 1999b;
Nobes et al., 2001). This secondary alluvial surface comprises an alluvial bench inset
below the high level surface and 6 to 8m above the thalweg. It is not continuous and
typically occurs along the inner bend bank or along straight reaches but only on one
side of the latter. In the steeper upper sections of the channel this landform has been
extensively eroded, but downstream at sites such as Redbank, Tally Ho and Rewlee
where it has not been eroded, it has a width of less than 50m. This secondary alluvial
surface is represented by the open green diamonds and green line in Figure 4.18. At
sites where the bench has been eroded, its position has been determined from remnant
bench sediments at their interface with the sediments of the high level alluvial surface.
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5.7.2 Channel Cross Sections
To augment the topographic structure evident in the long profile and to facilitate hy-
draulic modelling, a series of channel cross sections (presented from left bank to right
bank as if looking downstream) are contained in Section A.2 of Appendix A. The high
level alluvial surface is generally the bank top (note that a number of sections have
steep bedrock walls as their outer bend banks). At Central Farm and Widget Spur,
the bank heights are relatively low (6 to 9m) and the channel shape is rectangular for
these estuarine sites. Relatively narrow and deep channels with steep banks are found
at Old Bodalla and Comerang Bridge. From Rewlee upstream, bank top widths and
bank heights increase and bed topography is more variable with low sand and cobble
bars, point bars and pool-riffle sequences.
The structure of the high level alluvial surface adjacent to the channel is variable
and is influenced by the bedrock valley setting. Amid the wider valley settings of the
Old Bodalla and Oakview (floodplain surface beyond the bank top is not shown in
the cross sections) sites, the high level alluvium extends from the bank top as a sub-
horizontal plain with minimal surface topography, gently dipping to distal floodbasins
and swamps at the valley margins. Along narrower and more curved valley settings,
topographic relief of the high level surface can be up to 6m where the channel has
formed pronounced levee and floodbasin/floodchannel complexes on the inner bend
banks (Ferguson and Brierley, 1999b). The Waterhole Flat and Rewlee cross sections
provide striking examples of this. For many sites the width of the high level surface is
strongly restricted by the narrowness of the valley. At Redbank, Menura, Donga1 and
Donga2 for example, the high level surface is 50 to 100m wide and has subdued to-
pography, and at the Upper Motbey site, exists as a 20m wide strip against the bedrock
valley wall.
The mid-level bench is found 6 to 8 m above the modern thalweg. In cross section
it appears to have formed within a channel established in the alluvium of the high level
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surface. Bench top widths of 5 to 50 m are common and it is best developed at the
Comerang Gate, Rewlee, Tally Ho and Redbank sites. At the two Donga cross sections
it is expressed as a relatively narrow feature and appears to be poorly developed at Old
Bodalla where the banks of the high level surface are close together. At a number
of sites from Reedy Creek upstream, this bench appears to have been eroded as only
remnants of the bench attached to the higher level alluvium are present. Erosion scarps
are noted below these shoulders at such sites at elevations consistent with the height
of the mid-level bench.
5.7.3 Topography of the Donga Site
Topographic surveying was carried out at Donga to illustrate the relationships between
a number of the landscape elements. Figure 5.22 shows the surface topography of
the channel and flanking alluvial deposits, which have been assigned to geomorphic
categories based on their sedimentology and morphology. The bulk of the alluvium
has been formed as a pocket deposit on the inner bank of a bedrock controlled bend
in the valley. Bedrock outcrops occur along the northern edge of the channel, on the
right bank of the river before it swings eastwards, and at the the right bank base along
the middle reaches of the Donga site, below the alluvial sediments. Around the main
eastwards trending bend at the upper end of the Donga site, the bed is sandy and grades
upwards to a mixed cobble and sand point bar at the bend. Cobbles occur as matrix
supported clasts in the point bar to a height of 5m above the modern thalweg. These
cobbles appear to have been exposed through erosion of the point bar. Downstream
of this bend the bed is overwhelmingly comprised of cobbles and the thalweg crosses
multiple pool-riffle sequences.
Two cross sections (Donga 1 and Donga 2 in Figure A.10 of Appendix A) surveyed
across the apex of the point bar and slightly downstream of it show the mid-level bench
to be a narrow shoulder inset below the higher level alluvium and 6 to 7m above the
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thalweg. At Donga, the bench has been eroded from the north facing river bank and
an erosion scarp is present with loose, sloughing sediment gradually being recolonised
by vegetation. Figure 5.23 is a photograph of the proximal flank of the high level
surface grading to the remnant bench shoulder, and Figure 5.24 shows the scarp face.
The high level surface forms a sweeping alluvial deposit between the channel and the
bedrock hillslope and is 12 and 14m above the thalweg. This high level alluvium has
a gentle crest with a swale, roughly parallel to the ridge crest, running between the
right-bank hillslope and the crest of the high level alluvium, and a steeper gradient
flank extending down to the mid-level bench shoulder. This high level alluvial crest is
cut by two small gullies.
Air photographs from 1944, indicate the thalweg ran along the northern valley mar-
gin against the left bank bedrock wall. A sandy floodplain extended northwards from
the high level alluvial surface from the river’s right bank upon which large casuarina
trees grew. In the 1960’s, the thalweg avulsed southwards along this section of the
river and eroded this southern sandy floodplain. Since this erosion, the root boles of
the casuarina trees have been exposed to a height of 2m and their tops represent the
elevation of the former floodplain surface.
The current bed morphology consequently includes a cobble palaeo-thalweg at the
foot of the left bank and a lower elevation modern thalweg located at the foot of the
high level alluvial surface. These two river courses are separated by a cobble bar with
a gently rounded transverse crest 2.5m above the modern thalweg. This cobble bar is
120m wide at its maximum width and 300m long.
The higher level alluvium appears largely untouched by the erosion event that
eroded the mid-level bench sediments. The erosion of this southern floodplain re-
sembles the floodplain stripping process described by Nanson (1986), where sandy
top-stratum deposits are scoured by floods to a more erosion resistant cobble lag sur-
face.
Figure 5.22: Detailed topographic and geomorphologic map of the Donga site, as determined from
field surveys. In the top panel, the black dots indicate survey points upon which the terrain model was
based. Axis tick marks are at 100m intervals for both maps.
Figure 5.23: Photograph looking east showing the high level alluvial surface at Donga (right of photo)
sloping down to the remnants of the mid-level bench and erosion scarp with scrubby regrowth (left of
photo).
Figure 5.24: Photograph looking east showing the erosion scarp at Donga.
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5.8 Channel Hydraulics and Inundation Frequency
5.8.1 Hydraulic Model Parameterisation
To calculate the event magnitude and mean return period of inundation of the high
level surface and mid-level bench surfaces, cross sectional hydraulic modelling has
been undertaken using the HEC-RAS hydraulic model for a selection of sites along the
valley. Section 3.7.4 contains details of the principles behind this hydraulic modelling.
The surveyed bed slope has been used for the friction slope, leaving the hydraulic
roughness parameter Mannings n requiring calibration.
To calibrate n for the Tuross River, stage heights at four cross sections near the Eu-
robodalla gauging station were calculated for the maximum gauged discharge (716m3/s
on 22 March 1978, see Figure 5.14). A range of n values were explored in an attempt
to match the observed stage height of 7.18m for this discharge across the four cross
sections. The Oakview and Rewlee survey sections are located upstream of the Euro-
bodalla gauging site, whilst the Old Bodalla and Comerang Bridge sections are located
downstream (see Figure 5.20 for site locations). In terms of their cross sectional mor-
phology (see cross sections in Section A.2 of Appendix A) the Oakview site most
closely resembles the shape of the channel at the Eurobodalla gauging site; the Rewlee
site is substantially wider and the Old Bodalla site is narrower. These variations are
important as allowances for variations in stage height must be made given the differ-
ences in channel cross section both between the four sites and between each site and
the control section. The results of this calibration exercise are listed in Table 5.4.
An n value of 0.036 produced a stage height quite close to the expected value at the
Oakview section, an under-estimate at the Rewlee section (as would be expected from
the wide channel), an over-estimate at Old Bodalla (which again could be anticipated
given the deeper and narrower channel), and an under-estimate at Comerang Bridge.
Between the three n values examined, support for n = 0.036 seemed strongest for this
reach of the Tuross River.
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Discharge Mannings Stage
Site (m3/s) Slope n (m)
Oakview 716 0.0004 0.032 6.73
0.036 7.12
0.040 7.48
Rewlee 716 0.0004 0.032 5.66
0.036 6.03
0.040 6.39
Old Bodalla 716 0.0004 0.032 7.11
0.036 7.58
0.040 8.03
Comerang Bridge 716 0.0004 0.032 6.48
0.036 6.87
0.040 7.25
Table 5.4: Calibration of the hydraulic roughness parameter Mannings n for the lower Tuross River.
The discharge value of 716m3/s corresponds to the maximum gauged stage of 7.18m at the Eurobodalla
gauging station (218008).
However, use of n = 0.036 at cross sections further upstream appears to substan-
tially under-estimate the hydraulic roughness. Mr Simpson of Tally Ho recalls the
1991 and 1992 floods spilling out of the channel banks and overtopping the high
flood plain. The discharge of these events was estimated at the Eurobodalla gauge
as 2663m3/s in 1992 and 2228m3/s in 1991. Adopting n = 0.036 (as per the mod-
elling for the Eurobodalla gauge) and S = 0.0007 (the surveyed bed gradient) requires
a 4000m3/s discharge to overtop the channel banks at Tally Ho. This is a significantly
greater discharge than that observed at Eurobodalla gauge for these events.
At Redbank, the local landholders Mr and Mrs Connolly recall that the high level
alluvial surface at their property has been inundated only twice during the twentieth
century: once in the floods of 1934 and again in 1971. The 1971 flood was recorded
at the Belowra gauge 30 kilometres upstream though curiously the 1971 event (at
340m3/s) is ranked only 13th out of 32 years of annual maxima records and was sub-
stantially less than the top ranked event of 1978 (at 895m3/s). Inundation of the high
level surface apparently did not occur during the 1991 or 1992 events at Redbank. Us-
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ing n = 0.036 (as per the modelling for the Eurobodalla gauge) and S = 0.0007 (the
surveyed bed gradient) leads to an estimated discharge of 4250m3/s for inundation the
high flood plain surface at Redbank. Again this would seem at odds with the observed
discharge record and the flood history.
At both Tally Ho and Redbank, adopting a higher n value of 0.05 leads to discharge
estimates more closely resembling the known flood history. At Tally Ho, adopting n =
0.05 leads to a discharge estimate of 3100m3/s for inundation of the high flood plain.
Whilst this value is greater than the estimated discharge for both the 1991 and 1992
events at the Eurobodalla gauge, it is considered in reasonable agreement allowing for
uncertainties in the discharge estimates at the gauging station arising from extrapola-
tion of the rating curve at high stages. Similarly, by adopting an n value of 0.05 for the
Redbank section, a discharge of 2700m3/s (ie. equivalent to the magnitude of the 1992
event which was known to have remained within the channel at Redbank) produces a
stage height ∼ 1m below the high level flood plain surface. The flood frequency anal-
ysis for the river indicates that a discharge of 3000m3/s corresponds to an event with
a 1 in 50 year average return period. Thus, inundation of the high level flood plain
surface twice in the twentieth century by an event with a discharge slightly greater
than 2700m3/s would seem to be supported by the historical data at Redbank. These
calculations support for an n value of 0.05 for the steeper reaches of the river.
To summarise, hydraulic modelling of the Tuross River suggest that the following
parameterisation of channel roughness is appropriate:
• For sections on the lower river with slopes of 0.0004, n has been set to 0.036.
• For the steeper upstream sections with slopes of 0.0007 and 0.0011, n has been
set to 0.050.
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5.8.2 Inundation Magnitude and Event Frequency
The question is now addressed of what magnitude event, and hence what mean return
period, is associated with inundation of the high level alluvial surface and the mid-level
bench features of the Tuross River. Figure 5.25 shows the calculated discharge rates
for stage heights just contained within the high level surface and the mid-level bench at
a number of sites along the river. These discharge estimates were calculated using the
two n values described in the preceding section and the three slope values indicated on
Figure 5.21. For reference, flood quantiles of specified return periods calculated in the
section on flood frequency analysis for the Eurobodalla gauge (Figure 5.19) are shown.
Arguably these flood quantiles should have a negative slope with respect to distance
and hence area, reflecting the general trend of smaller catchment areas having smaller
peak discharge rates. Modelling of the relationship between the 1 in 20 year discharge
event and catchment area yielded a relationship of the form Q20 = 3.22 ∗ Area0.91.
The difference in predicted discharge from this model at the Eurobodalla gauge and
the furthest upstream cross section, Upper Motbey, was a reduction of 15%. Such a
value would be expected to fall within both the uncertainties of the stage to discharge
relationship of the Eurobodalla gauge rating curve and the uncertainties associated
with the estimate of the 1 in 20 year event from the historic data. Consequently the
flood quantile estimates for the study reach have been presented as constant values in
Figure 5.25.
Figure 5.25 shows that upstream of Rewlee, the discharge rate required for inun-
dation of the high level surface is at least 2500m3/s and in some cases may be up to
4000m3/s. Events of this magnitude have a mean return period of at least twenty years.
To inundate the high level surface at Old Cadgee the one in one hundred year event
may be required. From Oakview downstream, bankfull discharge rates decline due
to a combination of lower bed gradients, smaller channel cross sections and/or lower
bank heights. Consequently the average return period of inundation of the high level
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Figure 5.25: Discharge estimates for stage heights corresponding to the high level flood plain and
mid-level bench for the Tuross River, shown with a selection of flood quantiles for the Eurobodalla
gauge.
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surface is predicted to decrease to between three and five years for the Old Bodalla,
and Comerang Bridge and Gate sites. The relatively long periods between inundation
of the high level surface from Rewlee upstream strongly suggests that this surface is
not a modern (ie. presently aggrading) floodplain of the Tuross River.
Events of between 250 and 1250m3/s, which have mean return periods of between
two and five years, are required to inundate the mid-level bench. Such recurrence
intervals are consistent with those of modern floodplain deposits where these are de-
fined as the alluvial surface being constructed by the present flow regime (Leopold
et al., 1964). The inundation of the high level surface downstream of Old Bodalla
also occurs at least once every five years. This is not surprising given the topographic
convergence of this surface with present day base level downstream of Old Bodalla.
5.9 Alluvial Stratigraphy and Depositional
Chronology
Previous research by Ferguson (1999), Ferguson and Brierley (1999b) and Fergu-
son and Brierley (1999a) described in considerable detail the bedding structures and
stratigraphy of the top 3m of high level surface sediments along the Tuross River.
These studies show the levees and alluvial deposits of the high level surface consist
mainly of vertically accreted sand drapes interspersed with silt lenses. Laterally ac-
creted floodplains were more common within the estuarine zone particularly where
these had accreted over an estuarine substrate. These authors provide a limited number
of radiocarbon dates from detrital charcoal found within these high level sediments;
all gave late Holocene ages. In addition, barbed wire was observed within the upper
1.3m of the mid-level bench sediments at Rewlee, suggesting that deposition of these
sediments post-dated European settlement of the valley in the nineteenth century.
In the present study, knowledge of the sedimentary characteristics of the valley has
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been extended through collection of two sediment cores to 8-9m depth from the high
level surface at Redbank and Tally Ho, coupled with stratigraphic observations from
other sites along the valley. OSL and radiocarbon samples have been collected to pro-
vide chronologic control. The sedimentology, stratigraphy and depositional chronol-
ogy of these various alluvial landforms will now be presented.
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5.9.1 The Redbank Sediment Core
At Redbank, the high level surface has aggraded on the inner bend of a tight U shaped
bedrock bend. Both the high level surface and mid-level bench are well developed at
this site (Figure 5.27). The high level flood plain surface intersects a steep hillslope at
its distal edge, restricting the width of its upper surface to approximately 55m. This
hillslope has a soil mantle developed upon a distinctly red-brown coloured fine grain
sandstone. Within this section of the valley the floodplain pockets are discontinuous,
forming only in sheltered valley positions.
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5.9.1.1 Stratigraphy, Sedimentology and Core Chronology
The alluvial sediments from Redbank, shown in detail in Figure 5.28, have horizon-
tal bedding indicative of vertically accreted sand drapes deposited by over bank flow.
Twenty two depositional layers were recognised in the core, which extended to a depth
of 881cm below the high level alluvial surface. Each depositional cycle grades up to
a darker former ground surface with higher silt and organic content relative to the
basal sediments. In part this reflects pedogenesis of the sediments whilst they are a
ground surface layer, but also the common fining-upwards tendency of flood deposits,
whereby the coarsest sediments are transported during the rising stages of the flood,
with sediment deposition getting progressively finer as the flood recedes. It may also
be due to deposition of fine grained silt-sized sediments by subsequent floods not en-
ergetic enough to transport coarser sediment from the channel onto the floodplain.
Bed-top silt-clay content varies over the profile from 9% to 44%, whilst for the basal
sediments, the silt-clay content was between 4% and 32%.
The profile has been divided into four divisions based on distinct sedimentary char-
acteristics and the dating results. Starting at the bottom, indurated clay rich (52% silt-
clay) fine to coarse sandy sediments, light orange in colour and containing angular
stone chips up to 1cm in length comprise the lowermost 50cm of the core, and are
capped by a slightly darker layer 5cm thick containing larger stone particles (up to
4cm in size) and charcoal fragments. These sediments are distinct from those over-
lying them on account of their colour, induration and silt-clay content. The 5cm top
layer appears to be a former ground surface upon which colluvial debris from the adja-
cent hillslope accumulated (the stone chips closely match the distinctive red coloured
bedrock of the hillslope). Whether the lighter colored underlying sediments are of flu-
vial origin, colluvial origin or perhaps a bioturbated mixture of both could not been
determined. However, the induration of the sediments suggests prolonged weathering,
and luminescence sample TRRB-BARR19 from these sediments gave an age range
212 Holocene Geomorphology of the Tuross River
of 15800–19200 years BP, suggesting that they were deposited during the last glacial
maximum.
A sharp boundary separates the darker surface layer of these indurated sediments
from the next stratigraphic division upwards, which extends to 540cm depth (a thick-
ness of 2.6m). This section of the core comprises eight depositional layers of fine
to very coarse sand but with consistently high silt-clay contents ranging from 25 to
40% and imparting a certain plasticity to these sediments. The brown to dark brown
colour of these sediments partly reflects the high silt-clay content but is also indicative
of pedogenic incorporation of organic material. The eight layers are each rather ho-
mogenous such that contrasts between their top and bottom are subtle. This suggests
relatively slow aggradation of these sediments with lengthy periods between major de-
positional events, allowing for extensive pedogenesis, bioturbation and incorporation
of additional fine sediments deposited by floods not competent enough to deposit sand
sheets. One sample for luminescence dating, TRRB-BARR18, was extracted from the
base of this grouping and gave an early Holocene age of 8350–9950 years BP. On ac-
count of the five to ten thousand year age difference between the deposition of these
sediments and those of the underlying group along with their different sedimentary
characteristics, a stratigraphic disconformity is inferred between these two divisions.
Whether this reflects a depositional hiatus or erosion of sediments that once existed
above the underlying layer is unclear.
The third division of the core extends upwards from 540cm depth to 150cm depth
and is defined by a shift to very low silt-clay contents for the base of the deposi-
tional layers, of which 11 are recognised within this division. There is an increase in
the modal particle size to medium sand in a number of layers which contrasts with a
modal particle size of fine sand for the depositional layers in the two underlying di-
visions. Many more layers also have very coarse sand as their largest size fraction.
Pedogenesis of former ground surface layers within this division is of weak to moder-
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ate intensity and a strong pedogenic gradient is common between the top and bottom of
a number of depositional layers. These sedimentologic characteristics are consistent
with rapid accretion and the coarser particles suggest a closer hydraulic connection
with the channel than for the underying early Holocene division.
Two detrital charcoal layers were identified at 410 and 525cm depth and char-
coal samples were collected from these layers for radiocarbon dating. The top of
this division is the soil profile at 148cm depth, and a luminescence sample was col-
lected slightly below this. Both radiocarbon samples gave identical calibrated ages of
4800–5600 years BP (which is consistent with rapid aggradation), and the OSL sample
(TRRB-BARR5) gave an age of 2220–2660 years BP. It is therefore inferred that de-
position of this 4m thickness of sediment occurred between 5000 and 2500 years BP,
at a rate equivalent to 1.2 to 1.9mm per year (according to extremes of the age ranges),
though events that actually left behind a distinct sedimentary record occurred every
190 to 310 years. By, contrast the underlying early Holocene division is inferred to
have aggraded at a rate of 0.5 to 0.9mm per year which is half the rate of this division.
The 8 events of this early Holocene division which left discernible stratigraphy had an
average recurrence interval of once every 350 to 650 years.
The top stratigraphic division encompasses the uppermost two depositional layers.
These top two layers are distinct from those of the underlying division in terms of
their high proportion of silt and clay sized particles (approximately 40%) at the top
of each depositional layer, their relative thickness and consistent pedogenesis. If this
uppermost 150cm of sediment is taken to have aggraded between 2200–2700 years
BP and the present, it gives an apparent aggradation rate of 0.6 to 0.7mm per year.
This rate is lower than that of the underlying division but similar to that of the early
Holocene depositional phase, with which it shares similarly even and deeply penetrat-
ing pedogenic characteristics. With only two distinct depositional events recorded in
2200-2700 years, the apparent return period of depositional events of 1100 to 1350
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years is the longest of all the Holocene sediments from this core. These observations,
coupled with the long intervals between inundation of the high level surface under the
present flow regime suggest this surface does not comprise the modern floodplain.
Details of the luminescence samples from this core are listed in Table 5.5 whilst
Table 5.6 lists the radiocarbon dating results. Figure 5.29 illustrates the depth versus
age profile for this core.
Figure 5.28: Redbank high level surface sediment core shown with dating results and sedimentary
characteristics.
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Figure 5.29: Age-depth profile for the Redbank sediment core. The black dots indicate OSL dates
with horizontal error bars indicating stated uncertainity in the dates and vertical bars showing sample
depth range. The boxes indicate calibrated radiocarbon age ranges (96% probability) and sample depth
range. The dashed line indicates the inferred depth versus age trend, constructed on the basis of the
stratigraphic characteristics of the core. Alternating black and grey bars along the left axis alternating
indicate depositional layers.
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Laboratory Sample Depth Conventional Calibrated Age
Code Site No. (cm) Age (yrs BP) Range (yrs BP)
ANU-11968 Redbank core TRRB-B10 405-410 4560±160 5600-4800
ANU-11967 Redbank core TRRB-B12 518-525 4550±160 5600-4800
ANU-11969 Quiltys Cutting TRQC-1 300-500 3060±90 2990-3470
ANU-11974 Rewlee bench TRRL-B5 15 410±60 310-540
ANU-11971 Rewlee bench TRRB-B1 35 730±60 560-760
ANU-11973 Rewlee bench TRRB-B4 80 550±60 510-650
ANU-11970 Rewlee bench TRRB-B2 120 600±60 520-670
ANU-11972 Rewlee bench TRRB-B3 300 1100±60 930-1170
Table 5.6: Radiocarbon dating results for the Tuross River. Calibrated age ranges are stated at the 95%
probability level.
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5.9.2 The Tally Ho Sediment Core
A second sediment core was collected from the the Tally Ho site. This site is down-
stream of a major bend where the river heads north along a straight course for 2km (see
Figure 5.26). A cross section at the site is shown in Figure 5.30. The left bank high
level surface is approximately 90m wide, and the mid-level bench exists on both left
and right banks though the inner-bend left bank bench is the best developed. The right
bank high level surface has a broad rounded crest, which slopes to a flood basin/lagoon
complex at the valley margin. Figure 5.31 shows the sedimentary characteristics of the
Tally Ho core. No OSL dating samples were collected from the Tally Ho core due
to limitations upon the number of samples which could be analysed, and insufficient
charcoal precluded conventional radiocarbon analyses.
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5.9.2.1 Stratigraphy and Sedimentology
Like the Redbank core, indurated orange coloured sediments are found at the base of
the Tally Ho core. These are fine to coarse sands with a high (∼ 50%) silt-clay content,
show darker orange mottling and extend up to 750cm depth. They share the induration,
colouring and sedimentary texture of the the basal sediments from Redbank and are
most likely of equivalent Pleistocene age.
Above these sediments, a sequence of vertically accreted sandy layers broadly cor-
respond to the aggradational sequence of the Redbank core. Between 750 and 500cm,
seven depositional layers are recognised, each relatively rich in silt and clay content,
brown to dark brown in colour throughout, reflecting relatively even incorporation of
organic material and silt and clay into each layer. Similar sediments, both in terms
of texture and position in the profile from the Redbank site were of early Holocene
age and were inferred to have aggraded slowly. Both of these characteristics arguably
apply to these Tally Ho sediments. Above 500cm are a series of lighter coloured sandy
sediment layers. Unlike those at equivalent depth at Redbank, there was no discernible
textural change to coarser particles, and from 350cm depth to 50cm the depositional
layers lack sharp boundaries. The top depositional layer is distinctive due to the strong
textural and colour gradient from its silt-clay rich top 30cm to the very coarse sand
substratum with only 9% silt-clay. No overall upwards fining sequence was observed
in the sediments of this core.
5.9.3 Old Cadgee and Quiltys Cutting
The stratigraphy evident in the Redbank and Tally Ho sediment cores revealed the
presence of an indurated, clay rich red to orange coloured sedimentary unit underlying
sandy overbank deposits of Holocene age. At Old Cadgee, bank erosion has exposed
a vertical face in the left bank of the river in which weathered red-orange coloured
Figure 5.31: Tallyho high level surface sediment core shown with sedimentary characteristics.
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indurated sandy clay sediments were visible, overlain by grey to brown loose sandy
sediments. The boundary between the two units was 3m below the top of the high
level alluvial surface at the site. The contact between the two units was reasonably
sharp and visible along much of the exposed face. The overlying brown-grey sandy
sediments resembled those attributed to the high level alluvial surface elsewhere along
the valley. The deposit is interpreted as Pleistocene alluvium buried by Holocene
high level surface alluvium. A sample of this red sediment was collected for optically
stimulated luminescence dating (TROC-RED1). Figure 5.32 shows the erosional face,
the two sedimentary units and the collection tube for the luminescence sample. The
dating results confirmed a late Pleistocene age of 26000±3500 years for this sample
(Table 5.5).
At the Quilty’s Cutting site, red and orange coloured indurated alluvium is exposed
beneath grey to brown colored loose sandy alluvium in a road cutting leading down to
the channel. The sediments consist of boulders embedded within a finer grained ma-
trix and resemble the the current day river bed sediments, suggesting these sediments
are remnants of a previous river bed rather than a floodplain deposit. A reasonably
sharp boundary could be traced along the cutting between the red alluvium and the
overlying grey-brown sands which form the high level alluvial surface. Detrital char-
coal fragments were extracted from the grey sandy sediments above their contact with
the red alluvium and were radiocarbon dated to provide an age of burial of the sus-
pected Pleistocene deposits. The calibrated radiocarbon age calculated for this sample
(ANU-11969, Table 5.6) was 2990-3470 BP. Figure 5.33 shows the downstream face
of the cutting, with the two major sedimentary layers exposed.
Figure 5.32: Indurated red alluvium and overlying grey sands at an erosional exposure at Old Cadgee.
The levelling staff has minor graduations at 1cm increments. The silver feature in the red sediments is
the OSL sampling tube for sample TROC-RED1.
Figure 5.33: Indurated red cobbles and gravel in a cutting from the high floodplain surface down to the
river (right of photograph) at Quiltys Cutting.
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5.9.4 The Mid-Level Bench
A sand extraction pit dug into the mid-level bench at Rewlee exposed the stratigraphy
of this landform and allowed collection of charcoal samples for radiocarbon dating.
Like the stratigraphy of the high level surface seen in the sediment cores, this bench
is constructed from horizontal to sub-horizontal (and occasionally cross cutting) ver-
tically accreted sand drapes with intervening silt layers. No gravel was evident in the
sediments. Figure 5.34 shows the sediment face with the fine laminae clearly visible.
Unlike the somewhat blurred stratigraphy (due to pedogenesis and bioturbation) found
in the sediments of the high level surface, considerable stratigraphic detail remains
in the bench sediments. Combined with the overall low degree of pedogenesis, this
suggests both relatively recent and rapid aggradation of the mid-level bench.
A number of detrital charcoal samples were extracted from layers within the bench
to augment a single radiocarbon date obtained from the base of this deposit by Fergu-
son (1999), listed in Table 5.6. Ferguson’s sample was from approximately 4m below
the bench surface and gave a radiocarbon age of 1640±50 years BP which when cal-
ibrated yields an age range of 1410-1700 years BP. Figure 5.35 shows the locations
of the additional samples collected in this study and their calibrated radiocarbon ages.
The set of radiocarbon dates are all in stratigraphically correct order within their un-
certainties and represent aggradation over the last 1500 years.
Figure 5.34: Upstream face of a sand extraction pit cut into the low bench at Rewlee, showing multiple
sand drapes separated by grey silt rich laminae. The finest black gradations on the levelling staff are in
1cm increments.
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5.10 Twentieth Century Channel Change
The geomorphic evidence from the Tuross valley shows two distinct phases of alluvial
aggradation during the Holocene. The first phase saw formation of the high level allu-
vial surface, with a mid-level bench forming in the later phase. The surveys of channel
cross sectional morphology indicate that erosion of the mid-level bench sediments has
been extensive along the upper one third of the study reach. This section of the thesis
examines the pattern of channel change during the twentieth century, using channel
dimensions measured from 1944 air photographs and remeasured in the field in 2002.
The March 1944 air photographs taken as part of the Nerrigundah and
Nerrigundah-Bodalla series are the earliest air photographs that cover the catchment.
The timing of these photographs is significant given that they preceded the post-1948
increase in mean annual rainfall. The observed change is predicted to have produced
a substantial increase in stream discharge rates. These 1944 air photographs repre-
sent a valuable snapshot of the river’s morphology at the end of the comparatively dry
climatic phase. The georeferencing procedure produced and image with a pixel size
of 1.023m and Figure 5.36 shows the bed width measurements of the Tuross River in
1944 and in 2002, along with the change in bed width over this period.
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The bed width of the Tuross River for both 1944 and 2002 is highly variable, rang-
ing from approximately 50 m to over 120m. This is consistent with a high energy
channel situated within a bedrock valley of variable confinement. The most down-
stream data point, which appears substantially wider than its upstream neighbors, oc-
curs within the estuarine reach of the river. Above this estuarine zone, a weak tendency
for a decrease in channel width down-river is evident in both the 1944 and 2002 data
sets. The widest bed width measurements tend to be in the steeper upstream reaches.
Changes in bed width between 1944 and 2002 have occurred along localised sec-
tions of the river and are shown in the lower panel of Figure 5.36. Two major zones
of channel expansion can be seen in the upper part of the study reach, where bed
widths have increased by between 40 and 70m. Yet, these widened zones appear to
be bounded by generally stable reaches. Of the reach that had widened by 70m, in-
spection of the aerial photos from 1944 showed the widening was through erosion of
a floodplain inset below the high level surface, which was vegetated with trees and
shrubs. Ferguson and Brierley (1999a) claim that this erosion occurred during a flood
in 1991. Three sites where significant channel contraction has occurred are identified
in the middle of the study reach.
The cross sectional location of the erosion scarps at Reedy Creek, Menura, Old
Cadgee and Donga show the erosion scarps to be predominantly at heights equivalent
to the mid-level bench. Furthermore, field observations suggested that little lateral
erosion of the high level surface sediments has occurred. The data indicate that the
pattern of twentieth century channel change along the Tuross River has primarily been
of erosion of the mid-level bench along the steeper upstream reaches of the study zone.
Anecdotal evidence from local landholders suggests that the eroded sediments have
been transported downstream and are aggrading the river bed from at least Redbank
downstream to the estuarine zone.
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5.11 Summary
The Tuross River has formed two main alluvial surfaces during Holocene times. The
most extensive alluvial surface, referred to here as the high level alluvial surface, can
be traced from at least 60km inland to the estuarine zone. It is typically nine to fourteen
metres above the thalweg but converges with a lower deltaic floodplain within the
estuarine zone. The sediments that comprise this landform are generally vertically
accreted sand and silt layers, though laterally accreted floodplains are reported from
within the estuary (Ferguson, 1999).
This high level alluvial surface is infrequently inundated above the estuarine zone.
Events with mean return periods ranging from 20 to 100 years on the annual series
are necessary for overbank flow. The chronologic and stratigraphic data presented
here suggests that the high level surface aggraded from 9000 years BP upon a late
Pleistocene substrate. Its fastest rate of accretion was from 6000 to 2000 years BP
when it aggraded at an average rate of 1.2 to 1.9mm per year. During this interval,
the coarsest alluvial sediments were deposited as sand sheets once every 190 to 310
years. The aggradation rate in this interval was roughly twice that of the first half of
the Holocene.
The low accretion rate upon the high level surface for the last 2000 years, together
with the sedimentologic characteristics and hydraulic calculations showing long return
periods between inundation of the high level surface, support the conclusion that the
high level alluvial surface has been abandoned as a floodplain by the river.
Inset below the high level surface is an alluvial bench consisting of sandy, vertically
accreted sediments interspersed with organic silt-rich layers. This bench is inundated
by events with average return periods of two to five years. This is consistent with
generally accepted recurrence intervals for contemporary floodplain deposits. Radio-
carbon dating of the mid-level bench at Rewlee indicates that its formation post-dates
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the end of substantial aggradation upon the high level surface at Redbank. The geo-
morphic data presented here thus supports two distinct epochs of floodplain formation
along the Tuross River during the Holocene with the second floodplain surface, the
mid-level bench, still the active floodplain above the estuarine zone.
Stratigraphic observations from Old Cadgee, Quiltys Cutting, Redbank and per-
haps Tally Ho indicate the presence of Pleistocene deposits beneath the Holocene sed-
iments of the high level surface. Optically stimulated luminescence dates from Old
Cadgee gave an age of 26000±3500 years, whilst at Redbank, an age of 17500±1700
years was obtained from similarly indurated sediments. The manner in which the de-
posits of confirmed or presumed Pleistocene age form a reasonably consistent trend
roughly parallel to the channel surface supports a fluvial origin for these sediments.
The marked sedimentologic and chronologic differences between these basal Pleis-
tocene and Holocene sediments are characteristic of a depositional hiatus occurring in
the intervening time.
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Chapter 6
Discussion of Results
This section integrates the observed patterns of Holocene fluvial evolution along the
Macdonald and Tuross Rivers into evolutionary models. It also examines the roles of
Holocene climate and sea level changes in controlling floodplain formation.
Bore logs obtained from the New South Wales Department of Land and Water
Conservation provide additional stratigraphic detail for each valley which in turn has
allowed their responses to post-glacial sea level rise to be extended beyond the period
reflected in the sediment cores.
6.1 Macdonald River Evolutionary Model
Phase 1 (Pre-10 ka): Lowstand Sea Levels followed by Post-Glacial
Marine Transgression
This phase encompasses the lowest sea levels coincident with the last glacial maxi-
mum (22 to 16ka) through to the time of rapidly rising sea levels caused by melting
of major ice sheets during the terminal Pleistocene. Rising sea levels caused marine
waters to invade both the Hawkesbury estuary and its tributaries such as the Macdon-
ald and Colo Rivers (Nichol et al., 1997). Little is known about the lowstand fluvial
deposits of either the Macdonald or Hawkesbury Rivers but it has been proposed by
Nichol et al. (1997) that the higher valley gradients during low sea levels enabled more
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comprehensive transport of fluvial sediments through the Hawkesbury valley such that
alluvial deposition within the valley was minimal. If so, the Macdonald River may
also have had a bedrock valley floor during the last sea level lowstand.
The bedrock valley profile for the Macdonald has been identified from the strati-
graphic logs of groundwater bores sunk at the Yondi, Piggyback Bridge and St Albans
sites. The depth to bedrock is shown in Figure 6.1 and a tentative bedrock surface con-
sistently below 0m AHD (ie. modern day mean sea level) has been delineated along
the study reach.
The steepening in the bedrock profile downstream of the Piggyback Bridge is an
interesting feature. Whether it is real or simply an artefact of the lateral position of the
bores within the valley would require additional data to resolve. However, the bedrock
profile presented in Figure 6.1 is consistent with observations by Albani and Johnson
(1974) showing the Hawkesbury system draining to a base level at -125m AHD at the
Hawkesbury’s present day estuary mouth during the last sea level low stand.
No characteristic low-stand sediments were identified in the bore logs. Whether
this reflects an absence of such deposits from the valley or inadequate sampling
or recording is unknown. Some 11m of water-bearing “fine alluvial gravels” were
recorded above the bedrock surface in the St Albans bore. The significance of this
deposit, and in particular whether it corresponds to a low stand or late transgressive
systems tract remains difficult to resolve from the present data. The apparent high
gradient of the bedrock profile at this point in the valley, makes it difficult to envisage
such an accumulation of gravels during times of lowered base level.
Little is known of the lower Hawkesbury’s landscape from the time of the last
glacial maximum which extended in Australia from 16 to 22 ka (Barrows et al., 2002).
Observations of dune systems active along the crest of the Blue Mountains (Hesse
et al., 2003) and along the Shoalhaven River as it traverses the southern tablelands
(Nott and Price, 1991) indicate that in some places sediment mobility was high and
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suggests highland weathering and transport processes may have been particularly vig-
orous (Sweller and Martin, 2001). Whether lowland rivers such as the Macdonald
were affected by such processes remains to be established.
0
10
20
30
40
50
D
is
ta
nc
e 
to
 o
ut
le
t (
km
)
−30−20−100102030
Elevation (m AHD)
Kevins
Rainbow
Walmsley Road
Kilarney
Big Bend
Appleby
Macdonald Downs
Wonga
ds Brooks Point
Central Macdonald
Brooks Pt
Mackays Pdk/Culvern
Lyndrian
Deerubeen
Silverwing
Word of Life
WOL Bus stop
Mid Bow
Mulberry Hill
St Albans Bridge
Roses Cottage
Baileys
Blackfern
Racecourse
Pams Farm
Crookedy Bridge
Ferndale
Gorricks Run
Upper Macdonald
ds The Dairy
The Dairy
Piggyback Bridge
Mowed Paddock
Rusty Hut
ds Nin Sternbeck
Ninians
Thompsons Creek
Yondi
Duck Bar
sternbeck stockyards
ds Baileys Creek
three tanks
ds first ford
us first ford
portaloo
Jurds Creek
ds second ford
SZ R
S Z
M
c
SZ
R
SZ S SG R
SZ C Mc S
be
dr
oc
k
TS
T?
M
FS
H
ST
 
 
12
50
−1
95
0
 
 
59
00
−6
75
0
 
 
18
90
−2
31
0
 
 
82
5−
10
65
 
 
16
00
−2
35
0
 
 
68
0−
96
0
 
 
13
00
−1
90
0
 
 
29
00
−3
75
0
 
 
19
00
−2
75
0
 
 
23
50
−3
55
0
 
 
12
00
−1
60
0
 
 
37
60
−4
68
0
14
00
−2
55
0 
 
20
00
−2
60
0 
 
<
 9
00
0
th
al
w
eg
 2
00
2
th
al
w
eg
 1
94
0
in
ne
r b
en
d/
st
ra
ig
ht
 h
ig
h 
le
ve
l
o
u
te
r b
en
d 
hi
gh
 le
ve
l
m
id
 le
ve
l b
en
ch
po
st
−1
94
9 
flo
od
pl
ai
n
19
49
 s
an
d 
sp
la
ys
 (a
gg
rad
ing
 flo
od
pla
in)
e
st
ua
rin
e 
flo
od
pl
ai
n
ra
di
oc
ar
bo
n 
ag
e
O
SL
 a
ge
Fi
gu
re
6.
1:
Lo
ng
Pr
ofi
le
o
ft
he
M
ac
do
na
ld
R
iv
er
sh
ow
in
g
im
po
rta
nt
H
ol
oc
en
e
fe
at
ur
es
.D
ril
lc
o
re
st
ra
tig
ra
ph
y
is:
R
=
be
dr
oc
k;
G
=
gr
av
el
;S
=
sa
n
d;
Z
=
sil
t;
M
c
=
m
ar
in
e
cl
ay
;C
=
cl
ay
6.1 Macdonald River Evolutionary Model 239
Phase 2 (10 to 6 ka): Conclusion of Post-Glacial Sea Level Rise
From 10 to 9 ka, post-glacial sea level rise at rates of 10m per thousand years caused
continued transgression of marine waters into coastal valleys, though the final phase
of sea level rise from nine to seven thousand years before present occurred at a slower
rate (Thom and Roy, 1985). The pollen spectrum from cores along the Hawkesbury
River dating back to 9100 radiocarbon years BP show a floristic assemblage consistent
with that of the present day from at least this time (Dodson and Thom, 1992).
Along the Macdonald valley, the maximum flooded surface stage of estuarine evo-
lution was attained during this phase. Groundwater bore number 101576 penetrates
34m below the high level floodplain surface at the Piggyback Bridge site and the
stratigraphy from the driller’s log (plotted schematically in Figure 6.1) indicates a
weathered sandstone basement overlaid by 1.5m of sand and silt, then 0.5m of es-
tuarine clay overlaid by a further 28m of sand and silt up to the surface. Such a
stratigraphic sequence is characteristic of a marine transgression into an estuary un-
der rising sea level followed by fluvially controlled shoreline progradation (Dalrymple
et al., 1992; Cattaneo and Steel, 2003) and has been observed elsewhere within the
Hawkesbury estuary (Nichol et al., 1997). The basal sand and silt sediments are tenta-
tively assigned here to a transgressive phase.
The estuarine clay layer at -10 m AHD requires sea level to have been higher than
this for its deposition, and also that the thalweg intersected mean sea level (MSL)
upstream of Piggyback Bridge at the time of this clay deposition. The New South
Wales sea level curve of Thom and Roy (1985) (Figure 2.5) indicates that sea level was
above -10m AHD after 9500 calibrated radiocarbon years BP (or 8500 radiocarbon
years before present), which provides a maximum age for the estuarine clay layer.
Nichol et al. (1997) showed that estuarine waters extended many tens of kilometers
into the adjacent Colo River during the last stages of post-glacial sea level rise and
here the evidence from the Piggyback Bridge indicates at least a 35km transgression
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of the Macdonald valley upstream of its intersection with the Hawkesbury.
The absence of equivalent estuarine sediments in the bore log at St Albans is sur-
prising given their presence upstream, and may be due to inadequate detail in the
stratigraphic log for this bore. Observations from elsewhere within the early Holocene
Hawkesbury estuary suggest that tidal flats had become established along the upstream
reaches of the Hawkesbury River near Windsor (Nichol et al., 1997).
Post-glacial sea level rise persisted until 6800 calibrated radiocarbon years BP, at
which time a high sea level of between one and two metres above present day levels has
been reconstructed for the Hawkesbury region (Lambeck and Nakada, 1990). The tim-
ing of this high sea level coincides with rapid valley aggradation within Hawkesbury
estuary and its tributary valleys. At Pams Farm, about 7km downstream of Piggyback
Bridge, a calibrated radiocarbon age of 5900–6750 years BP was obtained from fluvial
sediment at +6.8m AHD (8.5m below present ground level). The maximum flooding
surface at Piggyback Bridge is at -10m AHD and is no older than 9500 years BP.
Taken together, these observations imply a minimum of 16.8m of valley aggra-
dation in approximately 3000 years, equivalent to a rate of 5.6mm per year. This
aggradation rate is comparable with the ∼ 7mm per year rate observed in the adjacent
Colo River for this period (Devoy et al., 1994).
An assessment of the sediment yield of the Macdonald during this 9 to 6 ka period
can be made, given the following assumptions:
• The aggraded sediments fill a triangular shaped valley.
• The mean depth of aggradation between Pams Farm and the D/S second ford
site (a distance of 20000m) is 18m, forming a palaeo-surface roughly parallel
with the present day thalweg.
• The mean width of the aggraded valley floor at 6 ka was 300m.
• The density of the sediments was 1.5 tonnes per cubic metre.
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• The sediments were overwhelmingly sourced from upstream.
The volume of trapped sediments within the specified reach is calculated as 54×
106m3. Distributed across the∼ 1500km2 catchment area upstream at the same density
it has accumulated at in the valley trough gives an equivalent denudation depth of
0.036m. This can be translated into an apparent denudation rate of 12mm per thousand
years (= 12m per million years) if it is assumed to have eroded over the period 9 to 6
ka. By assuming a burial density of 1.5 tonnes per cubic metre, the aggraded volume
of sediment in the 9 to 6 ka period corresponds to an area specific sediment yield of
18t/km2/yr.
A number of caveats need to accompany these figures. Firstly, this sediment yield
should be regarded as a minimum value, as an unknown component of the sediment
load supplied from the catchment during the 9 to 6 ka period would have been trans-
ported through the reach for which these calculations have been made and is not ac-
counted for in this estimate. Secondly, whilst it is assumed that all the aggraded sedi-
ment is sourced from upstream, the geometry of the modelled prism actually violates
this to a small degree, as the notional prism of fluvial deposition extending 18m be-
low the thalweg at Pams Farm intersects the inferred marine clay layer, though this
arguably involves only a minor volume of sediment.
More comprehensive bore data would assist in better defining the interface be-
tween fluvial sediments that have prograded down the valley and estuarine sediments
that may have been transported upstream by asymmetric tidal currents. With regard
to the apparent denudation rate, the accumulated sediment is assumed to have been
weathered and eroded from the catchment between 9 and 6 ka. However, if weather-
ing and delivery to the channel system was not uniform in time, this denudation rate
estimate would need to be adjusted accordingly. As it stands, the denudation rate of
12mm per thousand years is within the range of denudation rate estimates measured
by cosmogenic isotope abundances in regolith materials for other soil mantled envi-
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ronments (Heimsath et al., 2001). It is not necessary therefore to invoke erosion of
sediment stores accumulated during the Pleistocene to provide the required sediment
yield.
The sediment yield of 18t/km2/yr for the period 9 to 6 ka is comparable to ob-
served sediment yields from other Australian catchments, shown in Figure 6.2. This
data, compiled by Wasson (1994) is a collection of both short term monitoring studies
and longer term geomorphologic studies. The rates for the Macdonald would need
to vary by at least an order of magnitude to differ noticeably from yields from other
catchments of similar size.
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Figure 6.2: Observed area specific sediment yields for Australia, taken from Wasson (1994).
Little can be said conclusively about the river at the time of highest sea levels on
the basis of the present data. The sediments associated with the ∼6 ka age of the char-
coal layer at the base of the Pams Farm core are clean sands with minimal evidence
of pedogenesis and resemble contemporary channel deposits such as those found upon
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point bars. Given the rapid (5.6mm per year) aggradation of the valley up until at least
6 ka, it would seem likely that the Macdonald River was shallow and had a geomor-
phically dynamic channel and floodplain with frequent sand splay deposition across
the valley floor. Pedogensis of such floodplain deposits during this time would have
been limited by the rapid aggradation rate and lateral channel movement may repeated
erosion and rebuilding of floodplain deposits. Fluvial aggradation is not observed in
the Culvern core until nearly 2 ka, though the estuarine clays with minor sand lenses
at the base of the core (-1 to -2m AHD) may represent the upper limits of an estuarine
sequence which had aggraded prior to 6ka at this site.
Phase 3 (6 to 1.5 ka): Channel and Floodplain Stabilisation
The initiation of this phase is defined by the end of post-glacial sea level rise. The
fluvial deposits from the Macdonald River dated in this study as being older than 3000
years are those from the base of the Stockyards and Pams Farm cores, both of which
indicate that sandy aggradation was occurring in these locations in the valley.
A low aggradation rate of 0.8mm per year was obtained for the period 6 to 3ka for
the base of the Pams Farm core, but this result was so low in comparison both to earlier
and later aggradation rates that it suggested the either age of the detrital charcoal does
not correspond to the age of the sediment deposit, or that erosion of overlying deposits
followed by re-aggradation occurred at this site some time in the interval 6 to 3ka. The
OSL date from the base of the Stockyards core of 3.8-4.7 ka implies that the ∼6 ka
ground surface lies at an unknown distance below the base of this core.
The suite of OSL and radiocarbon dates from this phase define the main construc-
tion period of the land-tied bars, levees and distal flood basins that together constitute
the high level alluvial surface along the Macdonald River. Whether there was a marked
change in depositional style prior to the formation of this surface cannot be resolved
with the present data.
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The formation of the high level alluvial surface occurred as follows:
• the uppermost 9m of sediment aggraded after ∼ 4ka at the Stockyards site at a
rate of 2.8mm per year.
• the uppermost 4m of sediment aggraded at the Duck Bar site after ∼ 2.5ka at a
between 2.7 and 9.8mm per year.
• the uppermost 5m of sediment aggraded at the Pams Farm site after ∼ 2ka at a
rate of 3.9mm per year.
• the uppermost 5m of alluvial sediment aggraded at the Culvern site after ∼ 2ka
at a rate of 3.4mm per year, burying an estuarine substrate.
The formation of these bars defined the present day course of the river (apart from
a few meander cutoffs) and established the floodplain topography that has persisted
until the present time. As the bars aggraded it is assumed that the floodbasins and
thalweg kept pace such that floodplain relief remained broadly consistent. Thalweg
aggradation is inferred not to have exceeded the height of the flood basins, given the
lack of coarse sand deposits in the floodbasins which would have been expected had
this happened.
The rates of vertical aggradation of these landforms are about half the valley aggra-
dation rates calculated for the 9 to 6 ka phase (with the exception of Duck Bar). These
bar crest and levee accretion rates were measured through the line of maximum aggra-
dation (ie. from bar crests downwards) and assume no surficial stripping between de-
position episodes. If the volume of sediment that has aggraded adjacent to the present
day channel in the levee complexes over the 2000 years prior to 1500 BP (as an aver-
age) is approximated in cross section as a trapezium with a base width of 200m, a top
width of 75m and a mean height of 10m, which is then redistributed across a 300m
wide valley floor, the mean valley-wide aggradation rate equates to ∼ 2mm per year.
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If the high level bar crests and levees are considered to exist parallel to the channel
for 20000m, as previously utilised for estimating the 9 to 6 ka sediment yield, then
28×106m3 of sediment is estimated to have aggraded in the valley in the period 3500
to 1500 BP. This is roughly half the volume of aggradation calculated for the 9 to 6
ka period, and corresponds to an area specific mass aggradation rate of ∼ 14t/km2/yr,
which is slightly less than the rate of earlier Holocene times. The difference may not
be significant however given the uncertainties arising from the coarse volume model
adopted here.
The end of this phase is defined by the decline in sedimentation upon the high
level alluvial surface. This decline is characterised by both an apparent reduction in
the vertical accretion rate and an increased time between depositional events. The
timing of this change in deposition style appears to get younger downstream, ranging
from 1200 to 2000 years for the Stockyards and Duck Bar sites to 700 to 1100 years
for Culvern and Pams Farm. Whether aggradation upon the high level bars tapered
off gradually or ceased abruptly cannot be resolved without additional dating of the
uppermost sediments of the high level bars. A consequence of this decline in floodplain
aggradation has been stronger pedogenesis of the uppermost sediments of the high
level bars reflecting their longer duration as a ground surface. A diagram illustrating
the sequential evolution of the Macdonald Valley up to this point is given in Figure
6.3.
Phase 4 (1500 to 150 BP): Bench construction
The end of aggradation upon the high level bars appears to coincide with the formation
of the mid-level bench. Dates from Pams Farm indicate that aggradation of sediments
at the base of the bench commenced ∼ 1200 years BP, but it was probably not until
around 1000 years BP that the first soil layers (indicative of floodplain rather than
in-channel deposition) were formed.
Figure 6.3: Holocene evolutionary sequence for the Macdonald River
6.1 Macdonald River Evolutionary Model 247
Bench aggradation continued until 600-800 years BP when the evidence suggests
that the mid-level bench, like the high level surface before it, effectively ceased aggrad-
ing. Whilst the high level surface developed considerable topographic relief associated
with the levees, sediment bars and floodbasins, the bench is more uniform in morphol-
ogy and essentially consists of horizontally laid sediments onlapping the proximal side
of the high level bars.
Bench aggradation appears to have resulted in a reduction of channel width, and
this is most clearly visible in the Pams Farm cross section (Figure 4.23) where the
bench formed between the bedrock valley wall on the left and the high level bar on
the right which, at this site, is assumed to have been the river bank as the bench was
forming.
Phase 5 (150 to 0 BP): The Historical Period
Between the Macdonald Downs and the Word of Life sites a number of sand sheets
deposited in the last fifty years signify the zone of contemporary floodplain aggrada-
tion. In long profile the surface of these sand sheets lies below the high level surface
and appears on trend with the top of the mid-level bench if this surface is extrapolated
downstream. These sand deposits have formed around the flanks of what appear to be
remnants of the high level surface rising up above the sand drapes in this section of the
river. If the high level surface once formed a relatively complete valley fill surface in
the final stages of its growth, it is inferred that some of this valley fill must have been
partially eroded leaving these remnant “alluvial islands” intact, with the eroded areas
backfilling at present through sand sheet aggradation during floods.
Little is known about the channel morphology during the period 150-100 years BP
other than that the channel was navigable up to St Albans and hence the bed between
St Albans and Lyndrian must have been at least 3m below present day levels (Ersk-
ine, 1986; Hutton-Neve, 1982). The hydrologic data available indicate relatively dry
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conditions during the first half of the twentieth century with reduced rainfall and flood
discharges relative to the post-1949 period. Measurements of bed width from the 1944
air photographs show the bed of the river upstream of the Piggyback Bridge typically
20m wide at this time, which is considerably narrower than the∼ 100m width attained
following the channel expansion arising from the 1949-55 floods.
The floods of 1949-55 were significant events individually and were closely
grouped. The floods cut laterally into both the high level alluvium and the mid-level
bench. These eroded sediments were transferred to the river bed, aggrading it by ap-
proximately 3m (Erskine, 1986). The intersection of the thalweg with mean sea level
migrated 7.6km downstream from St Albans to its present location at Lyndrian. Mean-
ders were also cut off at both St Albans and Silverwing. Since these floods, a modern
floodplain surface has aggraded within the widened channel from the Word of Life site
upstream.
6.2 Tuross River Evolutionary Model
The evolutionary model for the Tuross River is presented in a slightly different way
to that of the Macdonald River because while there was more information concerning
estuarine stratigraphy and infilling, there less chronologic data. It is presented in two
sections, each corresponding to an evolutionary phase:
• Phase one describes the evolution of the valley from the late Pleistocene to early
Holocene times and focusses upon the sequence of estuarine infilling and the
nature of the Pleistocene alluvial deposits recognised in the valley.
• Phase two focusses upon the fluvial changes of the second half of the Holocene
as the majority of dated alluvial deposits yielded ages within this period.
• Phase three focusses upon the final stages of alluvial aggradation recorded in the
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valley where a second floodplain surface was constructed.
Phase 1: Pleistocene Landforms and Early Holocene Aggradation
The bedrock valley profile provides a natural boundary for the fluvial system, particu-
lary during times of lowered base level such as during the last glaciation. The bedrock
thalweg of the Tuross Valley can be constrained by surface exposure of bedrock in the
channel at the Upstream Tinpot site and from observations of bedrock at the base of
the bore logs at the Turf Farm, at Comerang Gate (note the bore is actually on the left
bank of the river at Mortfield) and from the Pacific Highway bridge (D/S Bridge site).
The depths indicated in the bore logs are treated as minimum depths. This is because
it is difficult to be confident of the location of the bores relative to the buried bedrock
thalweg purely upon their present day location, even though the deepest bores closest
to the centre of the present day valley were selected for this study (note the Euroma
and perhaps Cooper Island bores are located at more distal positions).
The bedrock profile constructed from this data is shown in Figure 6.4 where it has
been linearly interpolated between observations. The Euroma site was excluded from
this as the resulting bedrock profile would have intersected the present day thalweg
where no such bedrock exposures are observed. The Turf Farm and U/S Tinpot sites
upstream of Comerang Gate fall on a linear trend trend which intersects 0m AHD in
the vicinity of Reedy Creek. The absence of any bedrock intersection at the base of
the Widgett Spur bore but an intersection at the D/S Bridge site indicates a steepening
of the bedrock profile towards the coast. If this profile extrapolated to the present
day coastline, it suggests an accumulation of approximately 55 m of sediment beneath
the present coastal barrier. This value is consistent with barrier aggradation depths
reported for the nearby Moruya barrier by Thom (1983) and for other barriers along
the New South Wales coast by Roy et al. (1980) and Thom et al. (1981). This bedrock
surface is described in several of the bore logs as weathered.
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The bedrock profile presented in Figure 6.4 has an average gradient of 0.0014m/m
along this reach. This value is slightly higher than the gradient of 0.0011m/m observed
for the top of the study reach which, under present day flow conditions, appears to
have a relatively thin cobble and boulder accumulation over the bedrock valley floor. It
would seem likely that this steeper gradient also supported a mixed bedrock and cobble
bed during the last sea level lowstand, and the observations from the bore logs support
this. Up to 5m of cobbles, sands and clays, occasionally described as weathered and
yellow to brown in colour, over lie the bedrock surface from the D/S Bridge site to
upstream of the Turf Farm. The weathering of these deposits points to a Pleistocene
age, and these coarse sediments are tentatively assigned to a lowstand systems tract
(LST) in Figure 6.4. The Quiltys Cutting cobble deposit may be an exposure of these
lowstand channel deposits.
Finer grained red-orange coloured indurated alluvial and colluvial sediments have
been encountered beneath Holocene sediments at a number of sites upstream of the
estuary. Dates from Old Cadgee and Redbank gave ages of 26±3ka and 17.5±1.7ka
respectively, confirming a late Pleistocene age. These deposits, along with those of
similar nature identified at the base of the Tally Ho core and in the bore logs, are in-
ferred to be Pleistocene valley fills. Their upper limit, which presumably formed the
valley floor during the last glacial maximum, is shown in Figure 6.4 as a series of
orange asterisks and the dashed orange line. These Pleistocene valley fills are consis-
tently 10 to 20m above the lowstand bedrock profile and follow it as it dips between
Rewlee and Comerang as would be expected given their age and the relatively low
base level during most of the last glacial cycle.
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The initiation of post-glacial aggradation in the Tuross valley is recorded within
the estuarine zone as a 5 to 10m thickness of sand mixed with wood and shell frag-
ments downstream and a gravel component upstream (Roy and Peat, 1975), burying
the coarser textured and indurated lowstand deposits. The manner in which this sand
body rises in elevation upstream is consistent with a marine transgression into an es-
tuary driven by rising sea levels outpacing progradation of a fluvial sediment source,
which resulted in a back-stepping shoreline (Cattaneo and Steel, 2003). Consequently
these sediments have been labelled as transgressive systems tract deposits in Figure
6.4, the lowest of which occur at approximately -32m AHD at the Pacific Highway
bridge.
The shell fragments noted throughout these sediments reveal they were deposited
below sea level. Their -32m AHD depth implies a maximum age of 13000 calibrated
radiocarbon years for these sediments, based on the New South Wales sea level curve
of Thom and Roy (1985) shown in Figure 2.5. Ferguson and Brierley (1999b) ob-
tained radiocarbon ages of one to four thousand years for floodplain deposits near this
site (Table 6.1). Formation of an estuarine substrate upon which this floodplain con-
struction could have occurred by this time but it requires an estuarine aggradation rate
of 2 to 4mm per year. This rate is comparable with estuarine aggradation rates calcu-
lated for other Holocene barrier estuaries from the New South Wales south coast (Roy
et al., 1980).
Because of the back-stepping fluvial depositional front caused by rising sea levels,
marine clays and muds were deposited in the estuary’s central basin and are found up-
wards of -22m AHD at Widgett Spur. According to the Thom and Roy (1985) sea level
curve, the elevation of -22m AHD indicates that accumulation of these marine clays
and muds post-dates 11.5ka. This accumulation appears to have continued through the
Holocene as sea level rose and then stabilised, forming a substrate upon which subse-
quent fluvial progradation could occur. These mud deposits have been labelled as high
stand systems tract (mud basin) deposits in Figure 6.4.
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Phase 2: Holocene Fluvial Aggradation
The distinct depositional characteristics recognised in the Redbank core suggest that
the nature of Holocene sedimentation at this site, and by extension along the valley,
occurred in three episodes. Figure 6.5 is a schematic illustration of the three episodes.
The first depositional episode commenced in the early Holocene and buried the
Pleistocene ground surface under a series of vertically-accreted brown sandy sedi-
ments with relatively high silt-clay contents, typically ranging from 20 to 40%. This
aggradation commenced at 9150±800 years BP at Redbank, where the first of seven
depositional horizons of this episode was laid. The well developed pedogenic char-
acteristics of these early Holocene aggradational layers are consistent with relatively
long intervals between depositional events and the aggradation rate of 0.5 to 0.9mm
per year is low by Holocene standards.
The lowest of these early Holocene depositional layers is 10 to 12m above the
inferred bedrock surface at this point in the valley. The flow depths of major floods
under the current flow regime exceed this height, suggesting bed aggradation was not
necessary to achieve this sedimentation. Aggradation of silt-clay rich brown sand
layers over what appears to be a Pleistocene ground surface at Tally Ho (judging by the
similar textural characteristics to the Pleistocene deposits Redbank and Old Cadgee)
would seem to be a product of the same depositional episode.
Evidence from the estuary suggests that fluvial sediments were aggrading the lower
reaches of the river in response to post-glacial sea level rise at this time. It is not clear
whether river bed aggradation was occurring at this time at sites further upstream such
as at Redbank and Tally Ho, which may have still been flowing in a late Pleistocene
channel. However, the sand and gravel deposits noted in the transgressive sand wedge
particularly at the Turf Farm and perhaps at Comerang Gate suggest that the Tuross
River was actively transporting terrigenous sediments, perhaps with a moderate gravel
load, into the estuary in the early Holocene.
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A shift to much more rapid floodplain aggradation occurred from 6000 years BP
at Redbank where a sequence of relatively thin sand layers were deposited upon the
earlier Holocene sediments. The proportion of silt and clay in these mid-Holocene
sediments is much lower and the sand particles are generally coarser than for the early
Holocene sediments which they buried. This indicates a higher energy depositional
environment upon the floodplain, which is consistent with both a rapidly aggrading
bed reducing channel depth as well as enhanced flood discharges which may have
prevailed at this time (Nanson et al., 2003). The aggradation rate of these sediments
was 1.2 to 1.9mm per year, which was double the 0.5 to 0.9mm per year aggradation
rate of the underlying early Holocene sediments. This shift to sandier sediments is
noted in the Tally Ho core at an equivalent stratigraphic position, suggesting it was a
valley-wide event.
Further upstream, the burial of the Pleistocene ground surface at Quiltys Cutting at
2990–3470 years BP would seem to fall within this mid to late Holocene phase of rapid
valley aggradation. It is felt that the burial age for the cobble deposit at Quiltys Cutting
requires further examination with better targeted samples collected from this site. The
selected charcoal fragments for dating came from a wider area of the exposed face
than ideal and may have incorporated some relatively young charcoal not associated
with the initial burial of the cobbles.
Radiocarbon dates published in Ferguson and Brierley (1999a) and Ferguson
(1999) (and calibrated in this study) provide additional insight into the fluvial aggrada-
tion of the Tuross River downstream of the sites dated in this study. These externally
sourced dates and their calibrated age ranges are listed in Table 6.1. At Rewlee, an age
of 1620-2000 years BP was obtained by Ferguson (1999) for vertically accreted sed-
iments 5m below the crest of the high level surface indicating that the uppermost 5m
of sediment must post-date this. Two sets of dates from laterally accreted floodplains
in the estuary indicate that the river was prograding across an estuarine substrate and
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forming floodplains within the estuary from at least four thousand years BP. It con-
tinued to do so until about one thousand calibrated radiocarbon years BP, after which
Ferguson and Brierley (1999a) consider that lateral accretion rates diminished partly
as a result of bedrock restrictions on further channel migration. The dates from Com-
erang appear stratigraphically inverted in Figure 6.4 but are in correct stratigraphic
order when considered along the horizontal floodplain growth axis. At the Pacific
Highway bridge site (D/S Bridge in Figure 6.4), the bore logs indicate that slightly
less than 10m of fluvial sediments have aggraded upon estuarine mud in response to
this progradation.
By the mid-Holocene, it is clear that the Tuross River was rapidly building flood-
plains through progradation in the estuary and by vertical accretion along its alluvial
reaches. It had probably completely buried any Pleistocene alluvial deposits by this
time. This deposition culminated in what is referred to here as the high level surface
along the valley, which is comprised of levees, sediment bars and floodbasins. The
early Holocene valley aggradation appears to have allowed some lateral migration of
the channel, particularly within the estuarine zone. The low silt-clay content of these
middle Holocene sediments indicates a relatively high energy depositional environ-
ment upon the floodplain, which may have resulted from bed aggradation or larger
floods, or a combination of these two effects. Bed aggradation would be consistent
with the prograding nature of the river from at least 4000 years BP.
This depositional episode appears to have stopped about 2000 years ago. The
best evidence of this is found in the Redbank core, where a 2220–2660 years BP
OSL date was obtained from near-surface sediments. The proximity of sediments of
this age to the surface strongly indicates a lack of subsequent aggradation of the high
level surface at this site. The sediment texture and soil development of the uppermost
depositional layers also indicate a less active depositional environment, equivalent to a
hydraulic abandonment of the high level surface. Hydraulic calculations indicate that
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Depth Sample Radiocarbon Calibrated Age
Site Position (cm) code Age (years BP) Range (yrs BP)
Comerang 195m from bank top 470 OZC304 3610±220 3350-4550
Comerang 50m from bank top 690 OZC305 2320±50 2150-2750
Riverview 281m from bank top 450 OZB918 2780±70 2750-3080
Riverview 41m from bank top 430 OZB917 1190±70 960-1270
Rewlee high level surface
levee
500 not given 1890±70 1620-2000
Rewlee base of mid-level
bench
∼ 600 not given 1640±50 1410-1700
Table 6.1: Conventional radiocarbon dates published in Ferguson and Brierley (1999a) and Ferguson
(1999), with their calibrated age ranges derived using OxCal (Bronk-Ramsey, 2001).
the high level surface upstream of the Turf Farm is rarely inundated under the present
hydrologic regime.
Phase 3: Late-Holocene Bench Formation
The abandonment of the high level surface as the Tuross River’s main floodplain after
2000 years BP is supported by the subsequent aggradation of an alluvial bench within
the channel formed in the high level surface sediments. This was a noteworthy change
from aggradation of the high level surface up to this time. The formation of this bench
was most pronounced in the middle of the study reach, at sites such as Redbank, Tally
Ho and Rewlee. It appears to have formed along the steeper cobble bed reaches of the
river only to be eroded in the twentieth century and not has not been rebuilt.
Ferguson (1999) provides an age of 1410-1700 calibrated radiocarbon years BP for
charcoal fragments from near the base of the Rewlee bench (1.4m above the present
thalweg). Taken at face value, this age suggests that accretion of the basal bench
sediments was contemporaneous with the accretion of the uppermost sediments of the
high level crest, which post-date the 1600-2000 calibrated radiocarbon year age for a
sample at 5m depth. The sedimentology of the site however suggests that this may be
an incorrect inference.
Figure 6.5: Holocene evolutionary sequence for the Tuross River
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The lowermost radiocarbon sample collected from the Rewlee bench site in the
course of this study was sample ANU-11972 and gave a calibrated radiocarbon age
of 930–1170 years BP. This sample was collected from a thick sand layer beneath the
lowest palaeo-soil visible in the bench profile approximately 2m above the inferred
position of Ferguson’s sample from the same bench. The excavation was extended for
more than a metre below the position of ANU-11972 and no additional ground surface
layers were identified. The underlying sediments were clean sands and displayed weak
bedding structures consistent with a sandy channel margin deposit. Ferguson (1999)
notes that his 5m deep sample came from “trough cross bedded coarse sand” which
would commonly be found within a channel deposit rather than in a vertically accreted
floodplain deposit.
The sedimentology suggests that these two lowermost calibrated radiocarbon dates
of 1410-1700 and 830-1170 years BP notionally from the Rewlee bench, may not be
dating the initial phases of aggradation of the mid-level bench as a floodplain. Rather,
these dates arguably pertain to deposition of bed or channel margin sediments from a
time when the thalweg of the Tuross River was elevated above its present day position,
upon which subsequent construction of the bench as a floodplain with its distinctive
horizontal stratigraphy occurred.
If this argument is accepted, an alternative interpretation of the Rewlee chronol-
ogy would involve bench aggradation as a vertically accreted floodplain post-dating
the 930-1170 years BP age for sample ANU-11972. This would allow roughly 500
to 1000 years for aggradation of the top 5m of high level sediments at Rewlee, prior
to bench formation. This would then make the aggradation history of the Rewlee site
more consistent with that observed at Redbank, where high level surface aggradation
declined after 2000 years BP and was followed by bench aggradation. One of the
implications of this model is that there must have been a phase of bed incision subse-
quent to the emplacement of the 830-1170 year old channel sediment (associated with
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sample ANU-11972), as this sample is several metres above the modern thalweg.
6.3 Pre-Holocene Evolution of Coastal River Systems
Much remains to be resolved concerning the proposition of Nanson et al. (2003) that
distinct pre-Holocene fluvial evolutionary phases existed for the coastal rivers. No pre-
Holocene fluvial deposits were identified along the Macdonald River, and only two late
Pleistocene ages were obtained from sediment samples from the Tuross River. These
Pleistocene-aged deposits are all red to orange in colour, strongly indurated and gave
ages ranging from 15.8–19.2 ka for sample TRRB-BARR19 at the base of the Red-
bank sediment core to 22.5–29.5 ka for sample TROC-RED1 from Old Cadgee. A
Pleistocene ground surface, upon which the Holocene sediments aggraded, was ten-
tatively delineated along the Tuross valley on the basis of bore hole stratigraphy and
field observations. This Pleistocene surface appears to follow the bedrock profile of
the valley as would be expected given the sea level changes of the time. The difficulty
characterising these largely subterranean Pleistocene deposits and the limited age con-
trol means that little can be added to the debate about their significance, other than to
note their existence along the Tuross River.
The weathered cobble and sand deposits between the estuarine sediments and the
bedrock within the Tuross estuary (Roy and Peat, 1975) resemble the basal sediments
from the estuary of the Macleay River described by Walker (1970) and have palaeo-
relief similar to those described by Umitsu et al. (2001) under the present day Shoal-
haven River estuary. Such accumulations appear consistent with high river gradients
associated with lowered base levels, but when and under what conditions these Pleis-
tocene sediments were actually deposited is an unresolved question. The range of
ages reported by Young et al. (1996) for sub-Holocene sediments from the estuary of
the Shoalhaven River extend from last-interglacial to the last glacial maximum. This
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range arguably indicates a complex depositional sequence and suggests that complete
erosion of Pleistocene sediments from the present day estuaries during sea level low-
stands cannot be assumed. It is likely that this Pleistocene ground surface under the
Holocene sediments of the Tuross valley is polycyclic.
6.4 Understanding the Factors of Change in the
Holocene
Along the Macdonald River, valley aggradation was occurring from the early Holocene
when sea level was still rapidly rising. This is attributed to the deeply incised nature of
the early Holocene Macdonald estuary, which shielded the estuarine sediments, at this
time still 30km from the Hawkesbury River, from coastal wave energy and provided
an environment conducive to efficient sediment trapping. Despite the transgression
that rising sea level from 9000 to 6500 years BP caused in many other valleys, fluvial
sediments prograded in the the Macdonald River between the Piggy Back Bridge and
Pams Farm in this time. Consequently, progradation engendered valley aggradation
along the Macdonald River from the early Holocene at a rate of 5.6mm per year.
By contrast, valley aggradation in the Tuross River was slow in the early Holocene,
but progressed rapidly after 6000 years BP. The reason for the difference in early
Holocene aggradation rates between these two valleys appears related to the differ-
ent estuarine setting of the Tuross River, relative to that of the Macdonald. The lack
of early Holocene aggradation along the Tuross River suggests that progradation of
the river into its estuary did not occur at this time; indeed, the estuarine shore may
have been migrating landwards, leading to low alluvial aggradation landward of the
shoreline.
Coastal barrier consolidation along the New South Wales south coast did not com-
mence until sea levels stabilised 6500 years ago (Thom et al., 1981; Roy et al., 1994).
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With only partial or imcomplete coastal barriers, the south coast embayment estuaries
such as the Tuross had more porous interfaces with the ocean, and a leakage of fluvial
sediment from the estuary to the ocean could be expected. This in turn would limit the
capacity of the rivers flowing to such open estuaries to prograde and hence, limit any
valley aggradation upstream.
Barrier consolidation was coincident with the end of post-glacial sea level rise
6500 years ago. The efficiency of sediment entrapment for estuaries such as the Tur-
oss would have increased markedly in response to barrier construction by shielding
the estuary from coastal wave energy. The conditions suitable for aggressive fluvial
progradation would then have arisen.
Accordingly, laterally accreted floodplains formed over estuarine sediments as the
Tuross River prograded into its estuary from at least 4000 years BP (Ferguson and
Brierley, 1999a). In the Macdonald Valley, similar progradation saw fluvial sedi-
ments deposited over an estuarine substrate from 3000 years BP at Culvern, though
this appears a continuation of progradation occurring from the earliest Holocene. The
response of both rivers to this post-highstand progradation was to build vertically ac-
creted floodplains along their alluvial reaches. This culminated in the formation of
each valley’s high level alluvial surface. This phase of aggradation is most clearly ex-
pressed in the Redbank core from the Tuross valley, where a coarsening of the flood-
plain sediments along with an increased deposition rate and increased frequency of
aggradation events all occurred after 6000 years BP. The lag evident between the tim-
ing of the sea level highstand, barrier emplacement and aggradation at this site most
likely arises from the time for bed aggradation to propagate upstream from the estuary
to Redbank.
Turning now to examine the role of Holocene climate change upon the pattern of
floodplain formation, it is recalled that the lake level records from south eastern Aus-
tralia show the period between 7000 and 4000 years BP to be a much wetter period than
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the present time (Bowler, 1981; Magee et al., 1995; Coventry, 1976; Dodson, 1986).
A wetter environment causing higher river discharge rates, may have contributed to
the rapid aggradation of the high level alluvial surfaces along both the Macdonald and
Tuross rivers. In transport limited catchments, greater discharge rates would have lead
to greater sediment input into the estuaries, more rapid progradation and hence more
rapid valley aggradation. It is important to note though that the aggradation observed
in this study was dependent upon sea level rising and attaining its present day level
from 6500 years BP. Subsequent to this climate change appears to have played a more
significant role over the last 2000 years as a cause of abandonment of the high level
surfaces along the two study rivers.
6.4.1 High Level Surface Abandonment
One of the more salient observations of this thesis is that the high level alluvial surfaces
along both valleys ceased aggrading between 1000 and 2000 years ago. Walker (1970)
reached the same conclusion regarding the Mooneba surface of the Macleay River.
There is a distinct period from 2000 to 100 years BP when aggradation of the high
level surfaces of both the Tuross and Macdonald rivers greatly decreased and the mid-
level bench along each river was built.
Abandonment of an actively aggrading alluvial surface indicates a change to the
hydraulic conditions of a river. This could be attributed to two mechanisms. The first
is an increase in channel capacity caused by bed incision, such that even under a con-
stant hydrologic regime, inundation of a former floodplain surface no longer occurs.
The second possibility is of a hydro-climatic change that decreases flood discharges,
effectively achieving the same outcome of hydraulic isolation of a former floodplain.
A reasonable coincidence exists between the decline in aggradation upon the high
level surfaces of the Macdonald and Tuross rivers and the fall in relative sea level sug-
gested by the palaeo-sea level indicators of Baker et al. (2001). This can be seen in
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Figure 6.6 where the aggradation rate data are plotted along with the Holocene sea
level observations. Thus it is possible that bed incision induced by a base level fall
contributed to the abandonment of the high level surfaces along the two valleys. It is
also recognised that this abandonment occurred within a period of reduced rainfall reg-
istered in the Breadalbane Basin swamp (Dodson, 1986), though the Lake Keilambete
record for the last two thousand years shows the lake level rising after 2000 years BP
(Bowler, 1981). Nonetheless, the relative importance of base level and climate change
needs to be evaluated as potential causes of abandonment of the high level surfaces.
If a gradual base level fall was the major cause of abandonment of the high level
surface, then a set of down-stepping alluvial deposits would be expected upon the
proximal side of the high level surface alluvium, reflecting gradual bed incision. Al-
ternatively, if reduced flood magnitude was the major cause of abandonment of a flood-
plain, then channel contraction and the formation of a new floodplain at a lower level
would be the expected response.
Channel cross sections from the Tuross River from reaches such as Rewlee, Red-
bank and Waterhole Flat do not show any downstepping alluvial deposits. The upper
limit of bench alluvium is between four and six metres below the high level surface,
and in these four to six metres no trace of any intermediate alluvial deposits can be
found. Furthermore, the sequence of radiocarbon dates from the bench and its stratig-
raphy clearly show strong vertical growth continuing to the present time (though it
does appear that this vertical growth occurred upon channel sediments of a higher
thalweg).
Hydraulic modelling of the Tuross River shows that the mid-level bench is inun-
dated at least once every five years, which is consistent with it being a modern flood-
plain surface. The fact that aggradation is actively progressing upwards, rather than
as a down-stepping bench sequence, provides strong evidence that base level fall is
not the major cause of abandonment of the high level surface along the Tuross River,
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Figure 6.6: Holocene sea level observations and predictions from the Sydney region, shown along with
high level surface aggradation rates for the Macdonald and Tuross Rivers. Sea level observations are
taken from Baker et al. (2001) and Thom and Roy (1985), whilst predicted Holocene sea level curve for
the Hawkesbury mouth is from Lambeck and Nakada (1990). The main horizontal axis is in radiocarbon
years before present. The secondary horizontal axis shows the calibrated radiocarbon timescale at 500
radiocarbon year intervals (rounded to the nearest 100 years). Site nomenclature for the Macdonald is as
follows: SB Stockyard Bar; DB Duck Bar; PFBC Pams Farm bar crest; CV Culvern. Site nomenclature
for the Tuross is: RB Redbank.
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though it may have been a secondary factor. It is concluded that the abandonment of
the high level surface along the Tuross River is most consistent with a shift to a drier
hydrologic regime two thousand years ago.
The capacity to conduct a similar test along the Macdonald is hindered by the chan-
nel widening of the mid-twentieth century. Remnants of the mid-level bench along the
Macdonald River however present two subtle differences to those of the Tuross River.
Firstly, the bench tops are only two to four metres below the bar crests and hence more
comprehensively onlap the high level bars than is noted for the Tuross River benches
(see the Pams Farm, Stockyards, Duck Bar and Word of Life sections for examples).
Secondly, evidence from Pams Farm demonstrates that the bench has not aggraded
over the last six to eight hundred years. A third difference between the two systems
is the formation of a third alluvial surface along the Macdonald River, being the mod-
ern floodplain established after the 1949–55 floods. The sequence of high level bars,
abandoned mid-level bench and modern floodplain conforms to a downstepping depo-
sitional sequence, suggesting that base level change has played an important role in
floodplain evolution at this site.
Lambeck and Nakada (1990) show that the mid-Holocene sea level high stand
was of greater height along deeply indented estuaries such as the Hawkesbury because
post-glacial down-warping of the continental margins affected coastal estuaries such as
the Tuross more than estuaries located further inland. In the case of the Hawkesbury
estuary, the highstand at 60km inland is predicted to be one metre higher than that
for the Hawkesbury mouth and 1.5m higher than the highstand for Moruya near the
Tuross estuary (Lambeck and Nakada, 1990). This additional base level fall during the
Holocene would seem to account for the abandonment of the mid-level bench along
the Macdonald River and allowed formation of the modern floodplain after the 1949–
55 floods. It is quite likely that a climate change equivalent to that inferred to have
affected the Tuross River over the last 2000 years also affected the Macdonald River.
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However, in the case of the Macdonald, the change in base level appears to have been
at least of equal significance.
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6.4.2 Channel Change and Sediment Transport Regimes
The twentieth century has seen erosion of the Tuross River’s mid-level bench amidst
its steeper reaches, but the bench is preserved and has even recently accreted along
the lower reaches. Along the Macdonald, a series of large floods in the 1949-55 pe-
riod substantially eroded its mid-level bench. Following channel widening, a new
lower-level floodplain was established within the confines of the widened channel.
These distinct responses to the twentieth century climate change between the Tuross
and Macdonald Rivers appear linked to both the different sediment supply and trans-
port capacities for the two rivers. The different responses may may also reflect subtle
differences in their sea level histories, arising from different estuarine embayment ge-
ometries.
The presence of an aggrading or stable alluvial bed and floodplain is dependent
upon the balance between the sediment supply to a river reach, the sediment transport
capacity within the reach and the channel morphology. In this discussion, sand sized
sediments are of primary interest as these predominate in the past and present flood-
plain deposits of both rivers. Transport capacity for a particular particle size is largely
a function of discharge, slope and channel shape. Whilst there is evidence of channel
geometry changes in both rivers in recent times, the discharge rate and bed slope are
the most significant factors affecting sediment transport capacity.
Both these variables differ between the two river systems. The long profiles of the
two channels indicate that the bed gradient of the upper sections of the Tuross River
(S=0.0011) is almost twice that of the Macdonald (S=0.0006). Pronounced hydrologic
differences (at least for the second half of the twentieth century for which instrumental
records exist) are also evident between the two systems.
Despite similar catchment areas, largely forested in both cases, the Tuross River
has a history of substantially larger flood peaks and its catchment yields more runoff
than does that of the Macdonald. Figure 6.7 illustrates the two flood frequency curves
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for the lowermost gauge along each river. Both gauges have similar catchment areas
upstream. For floods with a mean return period in excess of two years, the Tuross River
peak discharges are at least twice those of the Macdonald. This difference appears to
hold for total monthly discharge as well. Figure 6.8 shows that for a given amount of
rainfall, monthly discharge totals are two to four times greater along the Tuross than
they are for the Macdonald. This is despite having similar mean annual rainfall (and
hence monthly) totals.
It is possible to evaluate the relative significance of these hydrologic and geomor-
phic differences for the sediment transport capacity of each channel. Total sediment
transport capacity, Qs, for a river reach can be predicted using the following equation:
Qs = kwαQβSγ (6.1)
where channel slope, S is used as an approximation of hydraulic gradient, Q is dis-
charge, w is bed width and a proportionality constant k reflects the effects of hydraulic
resistance and particle size upon the transport rate.
For a hypothetical sand sized sediment load, the effect of particle size differences
upon k between the two systems can be discounted. Hydraulic resistance appears to
be higher along the upper sections of the Tuross River (Mannings n=0.05) than for
the Macdonald (Mannings n=0.032). For the purposes of investigating the effects of
the different bed slopes and hydrologic conditions upon the transport rates of the two
channels, it is sufficient to adopt a single value for n. The parameter α takes the value
-0.4, and whilst channel width is variable along the two rivers, a representative value
of 90m has been adopted for both channels. Reviews of sediment transport capacity
relations of rivers, overland flow and laboratory flumes by Prosser and Rustomji (2000)
showed both β and γ to have a limited range from 0.9 to 1.8 with a median value of
1.4. This median value has been adopted for both parameters in this case.
Hydraulic calculations for the two river channels confirm that contemporary flood-
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Figure 6.8: Monthly discharge versus rainfall plot for the Tuross River at Eurobodalla (station number
218008, catchment area 1620km2) shown with lowess fit along with equivalent data for the Macdonald
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Q S W relative scaled
(m3/s) (m/m) (m) Qs Qs
2yr R.I. event
Tuross 360 0.0011 90 0.045 6.2
Macdonald 180 0.0006 90 0.007 1
4yr R.I. event
Tuross 1500 0.0011 90 0.333 17.2
Macdonald 360 0.0006 90 0.019 1
Table 6.2: Relative sediment transport capacity for the Tuross and Macdonald Rivers from hydrologic
and morphologic factors for 2 and 4 year average recurrence interval events from each river.
plain deposits were typically inundated by events with mean return periods ranging
from 2 to 4 years on the annual series. The magnitude of these events has been de-
fined using the relevant flood frequency curves to provide indicative values of Q for
this exercise. The relative sediment transport capacity rates for the two channels based
on these values are given in Table 6.2. The results clearly demonstrate a 6–17 times
greater transport capacity of the cobble bed reach of the upper sections of the Tuross
River relative to the upper sections of the Macdonald arising solely from their different
hydrologic and morphologic characteristics. Due to the non-linearity of the transport
equation, this difference would be amplified for larger floods.
These calculations suggest that for events associated with the deposition of con-
temporary floodplains (ie. those with 2 to 4 years average return period on the annual
series), the more vigorous flow regime of the Tuross River may have contributed to the
ongoing erosion of the bench deposits and have prevented re-deposition of equivalent
sediments along the cobble bed reach over the last 50 years. Due to the lower transport
capacity of the Macdonald River, sediment deposition within the eroded channel has
been extensive forming the modern floodplain.
In addition to these hydrologic differences, a greater base level fall has affected
the Macdonald River (Lambeck and Nakada, 1990) on account of its greater distance
inland relative to the Tuross. This greater base level fall also appears consistent with
the formation of an additional alluvial surface replacing the mid-level bench as the
modern floodplain along the Macdonald River.
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Chapter 7
Conclusions
The Holocene has been a time of extensive floodplain formation in the coastal valleys
of New South Wales. The timing and nature of this aggradation along the alluvial
reaches of the coastal rivers has received little scientific attention since the study of
the Macleay River by Walker (1970), though considerable progress has been made
in understanding the nature of Holocene estuarine evolution (Roy et al., 1980; Thom
et al., 1981; Thom, 1983; Roy et al., 1994; Umitsu et al., 2001).
Further opportunities for interpretation have arisen since Walker’s study as a con-
sequence of a better understanding of Holocene sea level changes along the New South
Wales coast (Thom and Roy, 1985; Lambeck and Nakada, 1990) and of Holocene cli-
mate change in south eastern Australia (Bowler, 1981; Dodson, 1986; Magee et al.,
1995). Advances in dating alluvial deposits (Aitken, 1998) allow for better chronolo-
gies to be established, and the morphology of these deposits along a valley can now be
accurately defined using surveying techniques based on global positioning systems.
Holocene sea level and climate are widely recognised as controls upon floodplain
formation in the coastal valleys of New South Wales. Sea level, being the base level for
the coastal rivers, is an important geomorphic boundary and has been far from uniform
in the Holocene. Post-glacial sea level rise culminated in a sea level highstand 6500
years ago along the New South Wales coast. Isostatic adjustments of the lithosphere
have caused a relative sea level fall of 0.5 to 2m since this highstand was attained
(Lambeck and Nakada, 1990). The magnitude of this fall is partly dependent upon
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the local estuarine geometry. Where the estuary penetrates well inland, the magnitude
of this post-highstand relative sea level fall increases with distance from the regional
coast.
Changes in Holocene climate are also of importance as they determine river dis-
charge rates, which in turn, control sediment transport through the river valleys and
into the estuaries. The general pattern discerned from lake level histories and pollen
studies is of a wetter climate than present between 8000 and 4000 years BP, followed
by a drying to a hydrologic minimum between 3000 and 2000 years BP (Bowler, 1981;
Chivas et al., 1985; Dodson, 1986).
By studying the Holocene floodplain evolution of two coastal river systems along
the New South Wales coast, this thesis has examined the relative roles of Holocene
sea level variations and climate change have had upon the patterns of floodplain for-
mation. An additional conclusion of this thesis is that estuarine embayment geometry
and coastal barrier formation were also important factors influencing early Holocene
aggradation and late Holocene floodplain abandonment.
From 9000 years BP, aggradation occurred in the alluvial reaches of both the Tur-
oss and Macdonald rivers. In the case of the Tuross, the aggradation rate was low
between 9000 and 6000 years BP (0.5 to 0.9mm per year) at the Redbank site, 35km
inland from the lake-delta. The rate of aggradation along the Macdonald River for the
same period was much higher (5.6mm per year).
This aggradation coincided with the final stages of post-glacial sea level rise. The
slow early Holocene aggradation rate for the Tuross River is considered to be due to the
incomplete development of the coastal barrier at its estuary mouth prior to 6500 years
BP. Landward migration of the estuarine shoreline, and possibly loss of sediment to
the continental shelf inhibited aggradation of the river. By contrast, the early Holocene
Macdonald estuary, on account of its inland setting and confined geometry, acted as
a highly efficient sediment trap. Progradation downvalley occurred during the early
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Holocene even as sea level was rising. Consequently, the Macdonald valley aggraded
at a rapid rate from the early Holocene.
Progradation of fluvial sediments upon an estuarine substrate occurred in the later
Holocene, once sea level stabilised in both the Macdonald and Tuross valleys. Within
the Tuross estuary, the capacity for progradation and delta formation was enhanced by
coastal barrier consolidation from 6500 years BP. The Tuross River formed laterally
accreted floodplains as it prograded into its estuary from at least four thousand years
BP (Ferguson and Brierley, 1999a). At Culvern on the lower Macdonald River, fluvial
progradation since 3000 years BP occurred upon an estuarine substrate. Thus, post-
highstand progradation drove valley aggradation after the mid-Holocene highstand.
The bulk of the aggradation that formed the high level alluvial surface along the
Tuross valley occurred between 6000 and 2000 years ago. The floodplain sediments
of this period are comprised of slightly coarser sand with less silt and clay than the
underlying early Holocene deposits, and show weak pedogenesis. These characteris-
tics indicate rapid floodplain aggradation. Aggradation of 1.2 to 1.9mm per year at
Redbank on the Tuross River for this 4000 year interval was twice the rate of the early
Holocene.
Aggradation of the high level alluvial surface along the Macdonald River was con-
temporaneous with that of the Tuross River. Increased aggradation rates relative to the
early Holocene are not observed along the Macdonald. It is inferred that prograda-
tion of the Macdonald towards the Hawkesbury, which apparently commenced under
rising sea levels, continued at much the same rate after sea level stabilised. Fluvial
landforms such as the land-tied bars, levees and floodbasins aggraded at rates of 2 to
4mm per year from at least 4000 years BP, but ceased aggrading between 1000 and
2000 years ago. The simultaneous floodplain aggradation in the alluvial reaches of
these two rivers, synchronous with progradation into their estuaries demonstrates the
link between these two processes. The abandonment of the high level alluvial surfaces
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of the Macdonald and Tuross valleys between 1000 and 2000 years ago represents
an important change in floodplain evolution. Floodplain abandonment was accompa-
nied by the construction of a mid-level bench within channels formed in the high level
surface sediments.
The change in floodplain aggradation coincided with two major environmental
changes that have been discussed in the literature. Firstly, there is evidence of a 1.5m
relative sea level fall after two thousand years BP along the central New South Wales
coast (Baker et al., 2001). Such a fall could have induced bed incision and aban-
donment of the high level alluvial surface. Secondly, evidence of a change to drier
climatic conditions over the last 2000 years has been presented for Breadalbane Basin
(Dodson, 1986). This swamp is located on the Southern Tablelands halfway between
the Tuross and Macdonald rivers. It is important to note that its water level record
conflicts with that of Lake Keilambete over the last 2000 years, which shows wetter
conditions returning after the low lake phase between 2000 and 3000 years BP. Re-
duced flood magnitudes, consistent with the Breadalbane Basin record, showing dry
conditions prevailing over the last 2000 years, could lead to abandonment of the high
level surfaces that had formed since the middle Holocene.
If a gradual base level fall was the major cause of abandonment of the high level
surface, then a time-transgressive set of down-stepping alluvial deposits would be ex-
pected upon the proximal side of the high level surface alluvium, reflecting gradual bed
incision. Alternatively, if reduced flood magnitude was the major cause of abandon-
ment of a floodplain, then channel contraction and the formation of a new floodplain
at a lower level would be the expected response.
The mid-level bench of the Tuross River is a channel-contracting feature and has
been formed by vertical accretion of sediments over the last 1000 years. The frequency
of bench inundation along with its chronology and sediment characteristics all indicate
that the bench comprises the modern floodplain of the Tuross River. The bench top
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is four to six metres below the crest of the high level surface, and no intermediate
deposits are visible. It is concluded that bench formation and abandonment of the
high level surface along the Tuross River are both consistent with a hydro-climatic
change to reduced flood magnitudes over the last two thousand years. This is consistent
with the ephemeral swamp conditions recorded at Breadalbane Basin on the Southern
Tablelands over the same period (Dodson, 1986).
The mid-level bench of the Macdonald River started forming at the same time as
that of the Tuross (about 1000 years ago), but experienced a different evolutionary his-
tory. The mid-level bench aggraded until 600–800 years BP, reaching a height two to
four metres below the crest of the high level bars before it was abandoned. The for-
mation of the bench narrowed the channel, consistent with a hydro-climatic change to
reduced flood magnitudes. Consequently, a climatic contribution to the abandonment
of the high level alluvial surface along the Macdonald River can be inferred.
The abandonment of the mid-level bench along the Macdonald River 600–800
years ago contrasts with the pattern of ongoing bench aggradation in the Tuross River.
The formation of a new floodplain surface below the Macdonald River’s mid-level
bench following the 1949–55 floods, essentially formed a third element of a down-
stepping alluvial sequence characteristic of a base level fall. Because of the inland
location of the Macdonald River, the height of the mid-Holocene sea level highstand
is estimated to be one metre greater than for the Hawkesbury River’s mouth (Lambeck
and Nakada, 1990). An additional metre of base level fall after 6500 years BP would
appear to account for the abandonment of the Macdonald River’s mid-level bench and
the formation of a third alluvial surface within the valley. Consequently, it is concluded
that relative base level fall had a discernable influence on floodplain evolution over the
last 2000 years in particular along the Macdonald River valley. The timing of this base
level fall closely corresponds with the Holocene sea level observations of Baker et al.
(2001).
278 Conclusions
In conclusion, this study of the Holocene evolution of the Macdonald and Tur-
oss valleys has demonstrated the importance of a number of controls upon floodplain
aggradation within the coastal valleys of New South Wales. Post-glacial sea level
rise induced significant estuarine aggradation. The rate of valley aggradation during
the early Holocene was controlled by the capacity of the rivers to prograde at this
time. In turn, this is related to estuarine embayment geometry, and for the New South
Wales south coast estuaries such as the Tuross, the timing of coastal barrier formation.
Progradation induced valley aggradation occurred after sea level rise ceased 6500 years
ago.
The wetter climate of the middle Holocene probably contributed to the rapidity and
extensiveness of this episode of valley aggradation, which continued until 2000 years
ago. This aggradation was far reaching and extended at least 50km upstream of the
outlets of the two rivers studied in this thesis. The end of aggradation upon the alluvial
surfaces constructed up until 2000 years BP was caused by a change to a drier climate,
inferred to have reduced flood discharges.
On account of the Macdonald River’s greater distance from the coast, it experi-
enced a greater relative sea level fall following the mid-Holocene sea level highstand.
This contributed to abandonment its mid-level bench and the formation of a lower level
floodplain surface after the floods of 1949–55. Thus, a stronger influence of base level
change is detected for this river.
Over the last 200 years, and since 1950 in particular, the upper reaches of many
estuaries in south eastern Australia have aggraded with sand delivered during large
floods (Erskine, 1993; 1986; Brooks and Brierley, 2000). In some cases, this sediment
input is related to human disturbance of the catchments (Brooks and Brierley, 2000),
though in the two rivers studied here the effects of humans on sediment mobility is
difficult to discern. Regardless of the source of the sediments, such estuarine sediment
accumulations represent a minor phase of progradation, though generally one con-
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tained within the confines of Holocene floodplains. The history of the two catchments
studied in this thesis suggests that bed aggradation is likely to persist as a response to
these sediment inputs.
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Appendix
A.1 Macdonald River Channel Cross Sections
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Figure A.1: Modern valley cross sections along the Macdonald River from Jurds Creek to Duck Bar.
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Figure A.2: Modern valley cross sections along the Macdonald River from Ninians to Gorricks Run.
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Figure A.3: Modern valley cross sections along the Macdonald River from Ferndale to Pams Farm.
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Figure A.4: Modern valley cross sections along the Macdonald River from Racecourse to the Word of
life camp.
A.2 Tuross River Channel Cross Sections
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Figure A.5: Channel cross sections of the Tuross River.
0 50 100 150 200 250 300
Distance (m)
Ba
nk
 h
ei
gh
t (m
)
0
2
4
6
8
10
12
14
16
−0.1
1.9
3.9
5.9
7.9
9.9
11.9
13.9
15.9
El
ev
at
io
n 
(m
 A
HD
)
LB
 flo
od
pla
in
LB
 fo
ot
RB
 fo
ot
RB
 be
nc
h f
ron
t
RB
 be
nc
h t
op
Comerang Bridge
Thalweg =  −0.09 m AHD
0 50 100 150 200 250 300
Distance (m)
Ba
nk
 h
ei
gh
t (m
)
0
2
4
6
8
10
12
14
16
0.1
2.1
4.1
6.1
8.1
10.1
12.1
14.1
16.1
El
ev
at
io
n 
(m
 A
HD
)LB to
p
LB
 fo
ot fin
e g
rav
el a
nd
 sa
nd
RB
 fo
ot
RB
 to
p
f p
lainroa
d e
mb
an
km
en
t
Old Bodalla
Thalweg =  0.1 m AHD
0 50 100 150 200 250 300
Distance (m)
Ba
nk
 h
ei
gh
t (m
)
0
2
4
6
8
10
12
14
16
2.2
4.2
6.2
8.2
10.2
12.2
14.2
16.2
18.2
El
ev
at
io
n 
(m
 A
HD
)
ST
AR
T S
UR
VE
Y L
B h
ills
lop
e
LB
 hi
gh
 lev
el t
op
LB
 fo
ot 
sa
nd
 be
d
Th
alw
eg
Th
alw
eg RB
 fo
ot
RB
 be
nc
h f
ron
t
RB
 be
nc
h r
ea
r
RB
 hi
gh
 lev
el e
dg
e
RB
 hi
gh
 lev
el c
res
t
RB
 fo
ot 
of 
roa
d b
ed
roc
k s
pu
r
Rewlee
Thalweg =  2.23 m AHD
Figure A.6: Channel cross sections of the Tuross River.
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Figure A.7: Channel cross sections of the Tuross River.
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Figure A.8: Channel cross sections of the Tuross River.
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Figure A.9: Channel cross sections of the Tuross River.
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Figure A.10: Channel cross sections of the Tuross River.
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Figure A.11: Channel cross sections of the Tuross River.
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